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SEMICONDUCTOR DEVICE AND
ELECTRONIC DEVICE

TECHNICAL FIELD

One embodiment of the present invention relates to a
semiconductor device and an electronic device.

Note that one embodiment of the present invention is not
limited to the above technical field. The technical field of the
invention disclosed in this specification and the like relates
to an object, an operation method, or a manufacturing
method. Alternatively, one embodiment of the present inven-
tion relates to a process, a machine, manufacture, or a
composition of matter. Therefore, specific examples of the
technical field of one embodiment of the present invention
disclosed in this specification include a semiconductor
device, a display device, a liquid crystal display device, a
light-emitting device, a power storage device, an image
capturing device, a memory device, a signal processing
device, a sensor, a processor, an electronic device, a system,
a driving method thereof, a manufacturing method thereof,
and a testing method thereof.

BACKGROUND ART

Integrated circuits that imitate the mechanism of the
human brain are currently under active development. The
integrated circuits incorporate the brain mechanism as elec-
tronic circuits and include circuits corresponding to “neu-
rons” and “synapses” of the human brain. Such integrated
circuits may therefore be called “neuromorphic”, “brain-
morphic”, or “brain-inspired” circuits. The integrated cir-
cuits have a non-von Neumann architecture and are expected
to be able to perform parallel processing with extremely low
power consumption as compared with a von Neumann
architecture, in which power consumption increases with
increasing processing speed.

An information processing model that imitates a biologi-
cal neural network including “neurons” and “synapses” is
called an artificial neural network (ANN). By using an
artificial neural network, inference with an accuracy as high
as or higher than that of a human can be carried out. In an
artificial neural network, the main arithmetic operation is the
weighted sum operation of outputs from neurons, i.e., the
product-sum operation.

For example, Patent Document 1 discloses an invention
that utilizes a memory cell using an OS transistor (some-
times referred to as an oxide semiconductor transistor) as a
circuit that executes a product-sum operation. An OS tran-
sistor is a transistor in which a channel formation region
contains a metal oxide semiconductor, and has been reported
to exhibit an ultralow off-state current (e.g., Non-Patent
Documents 1 and 2). A variety of semiconductor devices
using OS transistors have been manufactured (e.g., Non-
Patent Documents 3 and 4). The manufacturing process of
an OS transistor can be incorporated in a CMOS process
with a conventional Si transistor (a transistor containing Si
in its channel formation region), and an OS transistor can be
stacked over a Si transistor (e.g., Non-Patent Document 4).
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Non-Patent Documents

[Non-Patent Document 1] S. Yamazaki et al., “Properties
of crystalline In—Ga—Z7n-oxide semiconductor and its
transistor characteristics,” Jpn. J. Appl. Phys., vol. 53,
04ED18 (2014).

[Non-Patent Document 2] K. Kato et al., “Evaluation of
Off-State Current Characteristics of Transistor Using
Oxide Semiconductor Material, Indium-Gallium-Zinc
Oxide,” Jpn. J. Appl. Phys., vol. 51, 021201 (2012).

[Non-Patent Document 3] S. Amano et al., “Low Power
LC Display Using In—Ga—Z/n-Oxide TFTs Based on
Variable Frame Frequency,” SID Symp. Dig. Papers,
vol. 41, pp. 626-629 (2010). [Non-Patent Document 4]
T. Ishizu et al., “Embedded Oxide Semiconductor
Memories: A Key Enabler for Low-Power ULSI,” ECS
Tran., vol. 79, pp. 149-156 (2017).

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

When a digital circuit carries out a product-sum opera-
tion, a digital multiplication circuit carries out multiplication
of multiplier digital data (multiplier data) and multiplicand
digital data (multiplicand data). Then, the digital data
yielded by the multiplication (product data) are added in a
digital addition circuit to yield digital data (product-sum
data) resulted from the product-sum operation. The digital
multiplication circuit and the digital addition circuit prefer-
ably have specifications that allow a multi-bit arithmetic
operation. However, in this case, the circuit scale of the
digital multiplication circuit and the digital addition circuit
is sometimes increased, which might lead to an increase in
the circuit area of the entire arithmetic circuit and an
increase in power consumption.

In an artificial neural network, an arithmetic operation of
an activation function is performed in addition to a product-
sum operation. Under specifications such that a digital
circuit performs an arithmetic operation of an activation
function, an increase in the circuit area of the entire arith-
metic circuit and an increase in power consumption might be
caused as described above. In the case where a product-sum
operation is executed not by a digital multiplication circuit
nor a digital addition circuit but by an analog circuit, an
arithmetic operation result output from the analog circuit is
an analog signal. Thus, to input the arithmetic operation
result to the digital circuit performing an arithmetic opera-
tion of an activation function, the analog signal needs to be
converted into a digital signal once. Moreover, since the
digital circuit outputs an arithmetic operation result of an
activation function as a digital signal, performing a product-
sum operation using the arithmetic operation result again
necessitates conversion of the digital signal as the arithmetic
operation result into an analog signal in order that the
arithmetic operation result can be input to the analog circuit.
Specifically, a product-sum operation and an arithmetic
operation of an activation function are repeatedly performed
in an artificial neural network; thus, a circuit in which an
analog circuit and a digital circuit are combined frequently
performs conversion between a digital signal and an analog
signal. As a result, the power consumption of the circuit
performing the conversion between a digital signal and an
analog signal might also increase.

An object of one embodiment of the present invention is
to provide a semiconductor device capable of performing a
product-sum operation and/or an arithmetic operation of an



US 12,136,465 B2

3

activation function. Another object of one embodiment of
the present invention is to provide a semiconductor device
with low power consumption.

Another object of one embodiment of the present inven-
tion is to provide a novel semiconductor device and the like.
Another object of one embodiment of the present invention
is to provide an electronic device including the semicon-
ductor device.

Note that the objects of one embodiment of the present
invention are not limited to the objects listed above. The
objects listed above do not preclude the existence of other
objects. The other objects are objects that are not described
in this section and will be described below. The objects that
are not described in this section are derived from the
description of the specification, the drawings, and the like
and can be extracted as appropriate from the description by
those skilled in the art. Note that one embodiment of the
present invention is to achieve at least one of the objects
listed above and the other objects. Note that one embodi-
ment of the present invention does not necessarily achieve
all the objects listed above and the other objects.

Means for Solving the Problems

ey

One embodiment of the present invention is a semicon-
ductor device including a first cell, a second cell, a third cell,
a fourth cell, a current mirror circuit, a first wiring, a second
wiring, a third wiring, and a fourth wiring. The first cell, the
second cell, the third cell, and the fourth cell each include a
first transistor, a second transistor, and a capacitor. A first
terminal of the first transistor is electrically connected to a
first terminal of the capacitor and a gate of the second
transistor in each of the first cell, the second cell, the third
cell, and the fourth cell. A first terminal of the second
transistor in the first cell is electrically connected to the first
wiring, and a second terminal of the capacitor in the first cell
is electrically connected to the third wiring. A first terminal
of the second transistor in the second cell is electrically
connected to the first wiring, and a second terminal of the
capacitor in the second cell is electrically connected to the
fourth wiring. A first terminal of the second transistor in the
third cell is electrically connected to the second wiring, and
a second terminal of the capacitor in the third cell is
electrically connected to the third wiring. A first terminal of
the second transistor in the fourth cell is electrically con-
nected to the second wiring, and a second terminal of the
capacitor in the fourth cell is electrically connected to the
fourth wiring. The current mirror circuit is electrically
connected to the first wiring and the second wiring, and the
current mirror circuit has a function of supplying current
corresponding to a potential of the first wiring to the second
wiring. First data is determined depending on a difference
between a first potential and a second potential, and second
data is determined depending on a difference between a third
potential and a fourth potential. The first cell has a function
of retaining the first potential in the first terminal of the
capacitor in the first cell, the second cell has a function of
retaining the second potential in the first terminal of the
capacitor in the second cell, the third cell has a function of
retaining the second potential in the first terminal of the
capacitor in the third cell, and the fourth cell has a function
of retaining the first potential in the first terminal of the
capacitor in the fourth cell. When the third potential is input
to the third wiring and the fourth potential is input to the
fourth wiring, a current amount obtained by subtracting the
amount of current flowing from the second wiring to the first
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terminal of the second transistor in the third cell and the
amount of current flowing from the second wiring to the first
terminal of the second transistor in the fourth cell from the
amount of current flowing from the current mirror circuit to
the second wiring is an amount corresponding to a product
of the first data and the second data.

@

Another embodiment of the present invention is a semi-
conductor device including m (m is an integer greater than
or equal to 1) first cells, m second cells, m third cells, m
fourth cells, a current mirror circuit, a first wiring, a second
wiring, m third wirings, and m fourth wirings. The m first
cells, the m second cells, the m third cells, and the m fourth
cells each include a first transistor, a second transistor, and
a capacitor. A first terminal of the first transistor is electri-
cally connected to a first terminal of the capacitor and a gate
of the second transistor in each of the m first cells, the m
second cells, the m third cells, and the m fourth cells. A first
terminal of the second transistor in each of the m first cells
is electrically connected to the first wiring, and a second
terminal of the capacitor in the i-th (i is an integer greater
than or equal to 1 and less than or equal to m) first cell is
electrically connected to the i-th third wiring. A first terminal
of the second transistor in each of the m second cells is
electrically connected to the first wiring, and a second
terminal of the capacitor in the i-th second cell is electrically
connected to the i-th fourth wiring. A first terminal of the
second transistor in each of the m third cells is electrically
connected to the second wiring, and a second terminal of the
capacitor in the i-th third cell is electrically connected to the
i-th third wiring. A first terminal of the second transistor in
each of the m fourth cells is electrically connected to the
second wiring, and a second terminal of the capacitor in the
i-th fourth cell is electrically connected to the i-th fourth
wiring. The current mirror circuit is electrically connected to
the first wiring and the second wiring, and the current mirror
circuit has a function of supplying current corresponding to
a potential of the first wiring to the second wiring. The first
cell electrically connected to the i-th third wiring has a
function of retaining a potential V,,[i] in the first terminal
of the capacitor in the first cell, and the third cell electrically
connected to the i-th third wiring has a function of retaining
a potential Vyg[i] in the first terminal of the capacitor in the
third cell. The second cell electrically connected to the i-th
fourth wiring has a function of retaining the potential V,g]i]
in the first terminal of the capacitor in the second cell, and
the fourth cell electrically connected to the i-th fourth wiring
has a function of retaining the potential V,[i] in the first
terminal of the capacitor in the fourth cell. When a potential
Vxali] is input to the i-th third wiring and a potential V yg[i]
is input to the i-th fourth wiring, a current amount obtained
by subtracting a total amount of current flowing from the
second wiring to the first terminals of the second transistors
in the m third cells and a total amount of current flowing
from the second wiring to the first terminals of the second
transistors in the m fourth cells from the amount of current
flowing from the current mirror circuit to the second wiring
is an amount corresponding to a value of Formula (Al).

[Formula 1]

m A
D Fralil = VirgliD(Vxali] = VgliD)
=1
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Another embodiment of the present invention is a semi-
conductor device including a first cell, a second cell, a third
cell, a fourth cell, a first current source, a second current
source, a subtraction circuit, a first wiring, a second wiring,
a third wiring, and a fourth wiring. The first cell, the second
cell, the third cell, and the fourth cell each include a first
transistor, a second transistor, and a capacitor. A first termi-
nal of the first transistor is electrically connected to a first
terminal of the capacitor and a gate of the second transistor
in each of the first cell, the second cell, the third cell, and the
fourth cell. A first terminal of the second transistor in the first
cell is electrically connected to the first wiring, and a second
terminal of the capacitor in the first cell is electrically
connected to the third wiring. A first terminal of the second
transistor in the second cell is electrically connected to the
first wiring, and a second terminal of the capacitor in the
second cell is electrically connected to the fourth wiring. A
first terminal of the second transistor in the third cell is
electrically connected to the second wiring, and a second
terminal of the capacitor in the third cell is electrically
connected to the third wiring. A first terminal of the second
transistor in the fourth cell is electrically connected to the
second wiring, and a second terminal of the capacitor in the
fourth cell is electrically connected to the fourth wiring. The
first current source is electrically connected to the first
wiring, and the second current source is electrically con-
nected to the second wiring. Note that the amount of current
flowing from the first current source to the first wiring is
greater than or equal to 0.9 times and less than or equal to
1.1 times the amount of current flowing from the second
current source to the second wiring. A first input terminal of
the subtraction circuit is electrically connected to the first
wiring, and a second input terminal of the subtraction circuit
is electrically connected to the second wiring. First data is
determined depending on a difference between a first poten-
tial and a second potential, and second data is determined
depending on a difference between a third potential and a
fourth potential. The first cell has a function of retaining the
first potential in the first terminal of the capacitor in the first
cell, the second cell has a function of retaining the second
potential in the first terminal of the capacitor in the second
cell, the third cell has a function of retaining the second
potential in the first terminal of the capacitor in the third cell,
and the fourth cell has a function of retaining the first
potential in the first terminal of the capacitor in the fourth
cell. When the third potential is input to the third wiring and
the fourth potential is input to the fourth wiring, current with
an amount obtained by subtracting a total amount of current
flowing from the first wiring to the first terminals of the
second transistors in the first cell and the second cell from
the amount of current flowing from the first current source
to the first wiring is input to the first input terminal of the
subtraction circuit, and current with an amount obtained by
subtracting a total amount of current flowing from the
second wiring to the first terminals of the second transistors
in the third cell and the fourth cell from the amount of
current flowing from the second current source to the second
wiring is input to the second input terminal of the subtraction
circuit. Thus, voltage corresponding to a product of the first
data and the second data is output from an output terminal
of the subtraction circuit.

“4)

One embodiment of the present invention is a semicon-
ductor device including m (m is an integer greater than or
equal to 1) first cells, m second cells, m third cells, m fourth
cells, a first current source, a second current source, a
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subtraction circuit, a first wiring, a second wiring, m third
wirings, and m fourth wirings. The m first cells, the m
second cells, the m third cells, and the m fourth cells each
include a first transistor, a second transistor, and a capacitor.
A first terminal of the first transistor is electrically connected
to a first terminal of the capacitor and a gate of the second
transistor in each of the m first cells, the m second cells, the
m third cells, and the m fourth cells. A first terminal of the
second transistor in each of the m first cells is electrically
connected to the first wiring, and a second terminal of the
capacitor in the i-th (i is an integer greater than or equal to
1 and less than or equal to m) first cell is electrically
connected to the i-th third wiring. A first terminal of the
second transistor in each of the m second cells is electrically
connected to the first wiring, and a second terminal of the
capacitor in the i-th second cell is electrically connected to
the i-th fourth wiring. A first terminal of the second transistor
in each of the m third cells is electrically connected to the
second wiring, and a second terminal of the capacitor in the
i-th third cell is electrically connected to the i-th third
wiring. A first terminal of the second transistor in each of the
m fourth cells is electrically connected to the second wiring,
and a second terminal of the capacitor in the i-th fourth cell
is electrically connected to the i-th fourth wiring. The first
current source is electrically connected to the first wiring,
and the second current source is electrically connected to the
second wiring. Note that the amount of current flowing from
the first current source to the first wiring is greater than or
equal to 0.9 times and less than or equal to 1.1 times the
amount of current flowing from the second current source to
the second wiring. A first input terminal of the subtraction
circuit is electrically connected to the first wiring, and a
second input terminal of the subtraction circuit is electrically
connected to the second wiring. The first cell electrically
connected to the i-th third wiring has a function of retaining
a potential V ;,,[i] in the first terminal of the capacitor in the
first cell, and the third cell electrically connected to the i-th
third wiring has a function of retaining a potential V;[i] in
the first terminal of the capacitor in the third cell. The second
cell electrically connected to the i-th fourth wiring has a
function of retaining the potential V ;,p[i] in the first terminal
of the capacitor in the second cell, and the fourth cell
electrically connected to the i-th fourth wiring has a function
of retaining the potential V, [i] in the first terminal of the
capacitor in the fourth cell. When a potential V. [i] is input
to the i-th third wiring and a potential V p[i] is input to the
i-th fourth wiring, current with an amount obtained by
subtracting a total amount of current flowing from the first
wiring to the first terminals of the second transistors in the
m first cells and the m second cells from the amount of
current flowing from the first current source to the first
wiring is input to the first input terminal of the subtraction
circuit, and current with an amount obtained by subtracting
a total amount of current flowing from the second wiring to
the first terminals of the second transistors in the m third
cells and the m fourth cells from the amount of current
flowing from the second current source to the second wiring
is input to the second input terminal of the subtraction
circuit. Thus, voltage corresponding to a value of Formula
(A2) is output to an output terminal of the subtraction
circuit.
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[Formula 2]

" (A2)
D Fmalil = VrgliD(Fxali] - VxgliD
=1

&)

Another embodiment of the present invention is a semi-
conductor device including a first cell, a second cell, a third
cell, a fourth cell, a first wiring, a second wiring, and a third
wiring. The first cell, the second cell, the third cell, and the
fourth cell each include a first transistor, a second transistor,
and a capacitor. In each of the first cell, the second cell, the
third cell, and the fourth cell, a first terminal of the first
transistor is electrically connected to a first terminal of the
capacitor and a gate of the second transistor, and a gate of
the first transistor is electrically connected to the first wiring.
The second wiring is electrically connected to a second
terminal of the first transistor in the first cell and a second
terminal of the first transistor in the fourth cell, and the third
wiring is electrically connected to a second terminal of the
first transistor in the second cell and a second terminal of the
first transistor in the third cell.

(6)

Another embodiment of the present invention is a semi-
conductor device including a first cell, a second cell, a third
cell, a fourth cell, a first wiring, a second wiring, a third
wiring, a fourth wiring, a fifth wiring, a sixth wiring, and a
seventh wiring. The first cell, the second cell, the third cell,
and the fourth cell each include a first transistor, a second
transistor, and a capacitor. A first terminal of the first
transistor is electrically connected to a first terminal of the
capacitor and a gate of the second transistor in each of the
first cell, the second cell, the third cell, and the fourth cell.
A first terminal of the second transistor in the first cell is
electrically connected to the fourth wiring, a second terminal
of the capacitor in the first cell is electrically connected to
the sixth wiring, a second terminal of the first transistor in
the first cell is electrically connected to the second wiring,
and a gate of the first transistor in the first cell is electrically
connected to the first wiring. A first terminal of the second
transistor in the second cell is electrically connected to the
fourth wiring, a second terminal of the capacitor in the
second cell is electrically connected to the seventh wiring, a
second terminal of the first transistor in the second cell is
electrically connected to the third wiring, and a gate of the
first transistor in the second cell is electrically connected to
the first wiring. A first terminal of the second transistor in the
third cell is electrically connected to the fifth wiring, a
second terminal of the capacitor in the third cell is electri-
cally connected to the sixth wiring, a second terminal of the
first transistor in the third cell is electrically connected to the
third wiring, and a gate of the first transistor in the third cell
is electrically connected to the first wiring. A first terminal
of the second transistor in the fourth cell is electrically
connected to the fifth wiring, a second terminal of the
capacitor in the fourth cell is electrically connected to the
seventh wiring, a second terminal of the first transistor in the
fourth cell is electrically connected to the second wiring, and
a gate of the first transistor in the fourth cell is electrically
connected to the first wiring.

(N

In another embodiment of the present invention according
to (6) above, a current mirror circuit is preferably included.
It is preferable that the current mirror circuit be electrically
connected to the fourth wiring and the fifth wiring. The
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current mirror circuit preferably has a function of supplying
current corresponding to a potential of the fourth wiring to
the fifth wiring.

)

In another embodiment of the present invention according
to (7) above, a product of first data and second data is
preferably calculated. Note that the first data is determined
depending on a difference between a first potential and a
second potential, and the second data is determined depend-
ing on a difference between a third potential and a fourth
potential. The first cell has a function of retaining the first
potential in the first terminal of the capacitor in the first cell,
the second cell has a function of retaining the second
potential in the first terminal of the capacitor in the second
cell, the third cell has a function of retaining the second
potential in the first terminal of the capacitor in the third cell,
and the fourth cell has a function of retaining the first
potential in the first terminal of the capacitor in the fourth
cell. When the third potential is input to the sixth wiring and
the fourth potential is input to the seventh wiring, a current
amount obtained by subtracting the amount of current flow-
ing from the fifth wiring to the first terminal of the second
transistor in the third cell and the amount of current flowing
from the fifth wiring to the first terminal of the second
transistor in the fourth cell from the amount of current
flowing from the current mirror circuit to the fifth wiring is
an amount corresponding to the product of the first data and
the second data.
®)

In another embodiment of the present invention according
to (6) above, a first current source, a second current source,
and a subtraction circuit are preferably included. It is pref-
erable that the first current source be electrically connected
to the fourth wiring, and the second current source be
electrically connected to the fifth wiring. It is preferable that
a first input terminal of the subtraction circuit be electrically
connected to the fourth wiring, and a second input terminal
of the subtraction circuit be electrically connected to the fifth
wiring. The amount of current flowing from the first current
source to the fourth wiring is preferably greater than or equal
to 0.9 times and less than or equal to 1.1 times the amount
of current flowing from the second current source to the fifth
wiring.

(10)

In another embodiment of the present invention according
to (9) above, a product of first data and second data is
preferably calculated. Note that the first data is determined
depending on a difference between a first potential and a
second potential, and the second data is determined depend-
ing on a difference between a third potential and a fourth
potential. The first cell has a function of retaining the first
potential in the first terminal of the capacitor in the first cell,
the second cell has a function of retaining the second
potential in the first terminal of the capacitor in the second
cell, the third cell has a function of retaining the second
potential in the first terminal of the capacitor in the third cell,
and the fourth cell has a function of retaining the first
potential in the first terminal of the capacitor in the fourth
cell. When the third potential is input to the sixth wiring and
the fourth potential is input to the seventh wiring, current
with an amount obtained by subtracting a total amount of
current flowing from the fourth wiring to the first terminals
of the second transistors in the first cell and the second cell
from the amount of current flowing from the first current
source to the fourth wiring is input to the first input terminal
of the subtraction circuit, and current with an amount
obtained by subtracting a total amount of current flowing
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from the fifth wiring to the first terminals of the second
transistors in the third cell and the fourth cell from the
amount of current flowing from the second current source to
the fifth wiring is input to the second input terminal of the
subtraction circuit. Thus, voltage corresponding to the prod-
uct of the first data and the second data is output from an
output terminal of the subtraction circuit.
(1D

Another embodiment of the present invention is a semi-
conductor device including m (m is an integer greater than
or equal to 1) first cells, m second cells, m third cells, m
fourth cells, a current mirror circuit, m first wirings, a second
wiring, a third wiring, a fourth wiring, a fifth wiring, m sixth
wirings, and m seventh wirings. The m first cells, the m
second cells, the m third cells, and the m fourth cells each
include a first transistor, a second transistor, and a capacitor.
A first terminal of the first transistor is electrically connected
to a first terminal of the capacitor and a gate of the second
transistor in each of the m first cells, the m second cells, the
m third cells, and the m fourth cells. A first terminal of the
second transistor in each of the m first cells is electrically
connected to the fourth wiring, a second terminal of the
capacitor in the i-th (i is an integer greater than or equal to
1 and less than or equal to m) first cell is electrically
connected to the i-th sixth wiring, a second terminal of the
first transistor in each of the m first cells is electrically
connected to the second wiring, and a gate of the first
transistor in the i-th first cell is electrically connected to the
i-th first wiring. A first terminal of the second transistor in
each of the m second cells is electrically connected to the
fourth wiring, a second terminal of the capacitor in the i-th
second cell is electrically connected to the i-th seventh
wiring, a second terminal of the first transistor in each of the
m second cells is electrically connected to the third wiring,
and a gate of the first transistor in the i-th second cell is
electrically connected to the i-th first wiring. A first terminal
of the second transistor in each of the m third cells is
electrically connected to the fifth wiring, a second terminal
of the capacitor in the i-th third cell is electrically connected
to the i-th sixth wiring, a second terminal of the first
transistor in each of the m third cells is electrically con-
nected to the third wiring, and a gate of the first transistor in
the i-th third cell is electrically connected to the i-th first
wiring. A first terminal of the second transistor in each of the
m fourth cells is electrically connected to the fifth wiring, a
second terminal of the capacitor in the i-th fourth cell is
electrically connected to the i-th seventh wiring, a second
terminal of the first transistor in each of the m fourth cells
is electrically connected to the second wiring, and a gate of
the first transistor in the i-th fourth cell is electrically
connected to the i-th first wiring. The current mirror circuit
is electrically connected to the fourth wiring and the fifth
wiring. The current mirror circuit has a function of supply-
ing current corresponding to a potential of the fourth wiring
to the fifth wiring. The first cell electrically connected to the
i-th sixth wiring has a function of retaining a potential
Vwolil in the first terminal of the capacitor in the first cell,
and the third cell electrically connected to the i-th sixth
wiring has a function of retaining a potential Vg[i] in the
first terminal of the capacitor in the third cell. The second
cell electrically connected to the i-th seventh wiring has a
function of retaining the potential V4[] in the first terminal
of the capacitor in the second cell, and the fourth cell
electrically connected to the i-th seventh wiring has a
function of retaining the potential V,,[i] in the first terminal
of the capacitor in the fourth cell. When a potential V,[i]
is input to the i-th sixth wiring and a potential V yg[i] is input
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to the i-th seventh wiring, a current amount obtained by
subtracting a total amount of current flowing from the fifth
wiring to the first terminals of the second transistors in the
m third cells and a total amount of current flowing from the
fifth wiring to the first terminals of the second transistors in
the m fourth cells from the amount of current flowing from
the current mirror circuit to the fifth wiring is an amount
corresponding to a value of Formula (A3).

[Formula 3]

n (A3)
> Fwali) = VirgliD Ve 1] = VaepliD)
=1

12)

Another embodiment of the present invention is a semi-
conductor device including m (m is an integer greater than
or equal to 1) first cells, m second cells, m third cells, m
fourth cells, a first current source, a second current source,
a subtraction circuit, m first wirings, a second wiring, a third
wiring, a fourth wiring, a fifth wiring, m sixth wirings, and
m seventh wirings. The m first cells, the m second cells, the
m third cells, and the m fourth cells each include a first
transistor, a second transistor, and a capacitor. A first termi-
nal of the first transistor is electrically connected to a first
terminal of the capacitor and a gate of the second transistor
in each of the m first cells, the m second cells, the m third
cells, and the m fourth cells. A first terminal of the second
transistor in each of the m first cells is electrically connected
to the fourth wiring, a second terminal of the capacitor in the
i-th (i is an integer greater than or equal to 1 and less than
or equal to m) first cell is electrically connected to the i-th
sixth wiring, a second terminal of the first transistor in each
of the m first cells is electrically connected to the second
wiring, and a gate of the first transistor in the i-th first cell
is electrically connected to the i-th first wiring. A first
terminal of the second transistor in each of the m second
cells is electrically connected to the fourth wiring, a second
terminal of the capacitor in the i-th second cell is electrically
connected to the i-th seventh wiring, a second terminal of the
first transistor in each of the m second cells is electrically
connected to the third wiring, and a gate of the first transistor
in the i-th second cell is electrically connected to the i-th first
wiring. A first terminal of the second transistor in each of the
m third cells is electrically connected to the fifth wiring, a
second terminal of the capacitor in the i-th third cell is
electrically connected to the i-th sixth wiring, a second
terminal of the first transistor in each of the m third cells is
electrically connected to the third wiring, and a gate of the
first transistor in the i-th third cell is electrically connected
to the i-th first wiring. A first terminal of the second
transistor in each of the m fourth cells is electrically con-
nected to the fifth wiring, a second terminal of the capacitor
in the i-th fourth cell is electrically connected to the i-th
seventh wiring, a second terminal of the first transistor in
each of the m fourth cells is electrically connected to the
second wiring, and a gate of the first transistor in the i-th
fourth cell is electrically connected to the i-th first wiring.
Furthermore, the first current source is electrically con-
nected to the fourth wiring, and the second current source is
electrically connected to the fifth wiring. The amount of
current flowing from the first current source to the fourth
wiring is greater than or equal to 0.9 times and less than or
equal to 1.1 times the amount of current flowing from the
second current source to the fifth wiring. A first input
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terminal of the subtraction circuit is electrically connected to
the fourth wiring, and a second input terminal of the
subtraction circuit is electrically connected to the fifth
wiring. The first cell electrically connected to the i-th sixth
wiring has a function of retaining a potential V,[i] in the
first terminal of the capacitor in the first cell, and the third
cell electrically connected to the i-th sixth wiring has a
function of retaining a potential V,,[i] in the first terminal of
the capacitor in the third cell. The second cell electrically
connected to the i-th seventh wiring has a function of
retaining the potential Vy,[i] in the first terminal of the
capacitor in the second cell, and the fourth cell electrically
connected to the i-th seventh wiring has a function of
retaining the potential V,, [i] in the first terminal of the
capacitor in the fourth cell. When a potential V,[i] is input
to the i-th sixth wiring and a potential V y[i] is input to the
i-th seventh wiring, current with an amount obtained by
subtracting a total amount of current flowing from the fourth
wiring to the first terminals of the second transistors in the
m first cells and the m second cells from the amount of
current flowing from the first current source to the fourth
wiring is input to the first input terminal of the subtraction
circuit, and current with an amount obtained by subtracting
a total amount of current flowing from the fifth wiring to the
first terminals of the second transistors in the m third cells
and the m fourth cells from the amount of current flowing
from the second current source to the fifth wiring is input to
the second input terminal of the subtraction circuit. Thus,
voltage corresponding to a value of Formula (A4) is output
to an output terminal of the subtraction circuit.

[Formula 4]

n A4
> Fwali) = VirgliD (e 1] = VaggliD
=1

(13)

Another embodiment of the present invention is a semi-
conductor device including a first cell, a second cell, a third
cell, a fourth cell, a first current mirror circuit, a second
current mirror circuit, and a third current mirror circuit. The
first cell, the second cell, the third cell, and the fourth cell
each include a first transistor, a second transistor, and a
capacitor. A first terminal of the first transistor is electrically
connected to a first terminal of the capacitor and a gate of the
second transistor in each of the first cell, the second cell, the
third cell, and the fourth cell. A gate of the first transistor in
the first cell is electrically connected to a gate of the first
transistor in the second cell, a gate of the first transistor in
the third cell, and a gate of the first transistor in the fourth
cell. A first terminal of the first current mirror circuit is
electrically connected to a first terminal of the second
transistor in the first cell, and a second terminal of the first
current mirror circuit is electrically connected to a first
terminal of the second transistor in the fourth cell. A first
terminal of the second current mirror circuit is electrically
connected to a first terminal of the second transistor in the
third cell, and a second terminal of the second current mirror
circuit is electrically connected to a first terminal of the
second transistor in the second cell. A first terminal of the
third current mirror circuit is electrically connected to the
first terminal of the second transistor in the second cell, and
a second terminal of the third current mirror circuit is
electrically connected to the first terminal of the second
transistor in the fourth cell. The first current mirror circuit
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has a function of supplying current corresponding to a
potential of the first terminal of the first current mirror circuit
to the outside from the first terminal and the second terminal
of the first current mirror circuit. The second current mirror
circuit has a function of supplying current corresponding to
a potential of the first terminal of the second current mirror
circuit to the outside from the first terminal and the second
terminal of the second current mirror circuit. The third
current mirror circuit has a function of supplying current
corresponding to a potential of the first terminal of the third
current mirror circuit to the inside from the first terminal and
the second terminal of the third current mirror circuit.
(14)

In another embodiment of the present invention according
to (13) above, it is preferable that a second terminal of the
capacitor in the first cell be electrically connected to a
second terminal of the capacitor in the third cell, a second
terminal of the first transistor in the first cell be electrically
connected to a second terminal of the first transistor in the
fourth cell, a second terminal of the capacitor in the second
cell be electrically connected to a second terminal of the
capacitor in the fourth cell, and a second terminal of the first
transistor in the second cell be electrically connected to a
second terminal of the first transistor in the third cell.

)

In another embodiment of the present invention according
to (14) above, a product of first data and second data is
preferably calculated. Note that the first data is determined
depending on a difference between a first potential and a
second potential, and the second data is determined depend-
ing on a difference between a third potential and a fourth
potential. The first cell has a function of retaining the first
potential in the first terminal of the capacitor in the first cell,
the second cell has a function of retaining the second
potential in the first terminal of the capacitor in the second
cell, the third cell has a function of retaining the second
potential in the first terminal of the capacitor in the third cell,
and the fourth cell has a function of retaining the first
potential in the first terminal of the capacitor in the fourth
cell. When the third potential is input to each of the second
terminal of the capacitor in the first cell and the second
terminal of the capacitor in the third cell and the fourth
potential is input to each of the second terminal of the
capacitor in the second cell and the second terminal of the
capacitor in the fourth cell, a current amount obtained by
subtracting the amount of current flowing through the first
terminal of the second transistor in the fourth cell and the
amount of current flowing through the third terminal of the
third current mirror circuit from the amount of current
flowing from the second terminal of the first current mirror
circuit is an amount corresponding to the product of the first
data and the second data.

(16)

Another embodiment of the present invention is a semi-
conductor device including a first cell, a second cell, a third
cell, a fourth cell, a first current mirror circuit, a second
current mirror circuit, a third current mirror circuit, and a
fourth current mirror circuit. The first cell, the second cell,
the third cell, and the fourth cell each include a first
transistor, a second transistor, and a capacitor. A first termi-
nal of the first transistor is electrically connected to a first
terminal of the capacitor and a gate of the second transistor
in each of the first cell, the second cell, the third cell, and the
fourth cell. A gate of the first transistor in the first cell is
electrically connected to a gate of the first transistor in the
second cell, a gate of the first transistor in the third cell, and
a gate of the first transistor in the fourth cell. A first terminal
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of the first current mirror circuit is electrically connected to
a first terminal of the second transistor in the first cell, and
a second terminal of the first current mirror circuit is
electrically connected to a first terminal of the second
transistor in the fourth cell. A first terminal of the second
current mirror circuit is electrically connected to a first
terminal of the second transistor in the third cell, and a
second terminal of the second current mirror circuit is
electrically connected to a first terminal of the third current
mirror circuit. A second terminal of the third current mirror
circuit is electrically connected to the first terminal of the
second transistor in the fourth cell. A first terminal of the
fourth current mirror circuit is electrically connected to a
first terminal of the second transistor in the second cell, and
a second terminal of the fourth current mirror circuit is
electrically connected to the first terminal of the second
transistor in the fourth cell. The first current mirror circuit
has a function of supplying current corresponding to a
potential of the first terminal of the first current mirror circuit
to the outside from the first terminal and the second terminal
of the first current mirror circuit. The second current mirror
circuit has a function of supplying current corresponding to
a potential of the first terminal of the second current mirror
circuit to the outside from the first terminal and the second
terminal of the second current mirror circuit. The third
current mirror circuit has a function of supplying current
corresponding to a potential of the first terminal of the third
current mirror circuit to the inside from the first terminal and
the second terminal of the third current mirror circuit. The
fourth current mirror circuit has a function of supplying
current corresponding to a potential of the first terminal of
the fourth current mirror circuit to the outside from the first
terminal and the second terminal of the fourth current mirror
circuit.

a7

In another embodiment of the present invention according
to (16) above, it is preferable that a second terminal of the
capacitor in the first cell be electrically connected to a
second terminal of the capacitor in the third cell, a second
terminal of the first transistor in the first cell be electrically
connected to a second terminal of the first transistor in the
fourth cell, a second terminal of the capacitor in the second
cell be electrically connected to a second terminal of the
capacitor in the fourth cell, and a second terminal of the first
transistor in the second cell be electrically connected to a
second terminal of the first transistor in the third cell.

(18)

In another embodiment of the present invention according
to (17) above, a product of first data and second data is
preferably calculated. Note that the first data is determined
depending on a difference between a first potential and a
second potential, and the second data is determined depend-
ing on a difference between a third potential and a fourth
potential. The first cell has a function of retaining the first
potential in the first terminal of the capacitor in the first cell,
the second cell has a function of retaining the second
potential in the first terminal of the capacitor in the second
cell, the third cell has a function of retaining the second
potential in the first terminal of the capacitor in the third cell,
and the fourth cell has a function of retaining the first
potential in the first terminal of the capacitor in the fourth
cell. When the third potential is input to each of the second
terminal of the capacitor in the first cell and the second
terminal of the capacitor in the third cell and the fourth
potential is input to each of the second terminal of the
capacitor in the second cell and the second terminal of the
capacitor in the fourth cell, a current amount obtained by
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subtracting the amount of current flowing through the first
terminal of the second transistor in the fourth cell and the
amount of current flowing through the third terminal of the
third current mirror circuit from a total amount of current
flowing from the second terminal of the first current mirror
circuit and current flowing from the second terminal of the
fourth current mirror circuit is an amount corresponding to
the product of the first data and the second data.

(19)

Another embodiment of the present invention is a semi-
conductor device including a first cell, a second cell, a third
cell, a fourth cell, a first wiring, a second wiring, and a third
wiring. The first cell, the second cell, the third cell, and the
fourth cell each include a first transistor, a second transistor,
and a capacitor. In particular, the capacitor included in each
of the second cell and the third cell includes a material that
can show ferroelectricity. In each of the first cell, the second
cell, the third cell, and the fourth cell, a first terminal of the
first transistor is electrically connected to a first terminal of
the capacitor and a gate of the second transistor, and a gate
of the first transistor is electrically connected to the first
wiring. The second wiring is electrically connected to a
second terminal of the first transistor in the first cell and a
second terminal of the first transistor in the fourth cell, and
the third wiring is electrically connected to a second termi-
nal of the first transistor in the second cell and a second
terminal of the first transistor in the third cell.

(20)

In another embodiment of the present invention according
to (19) above, it is preferable that the material that can show
ferroelectricity include one or more materials selected from
hafnium oxide, zirconium oxide, HfZrO, (X is a real number
greater than 0), yttria-stabilized zirconia, barium titanate,
PbTiOy, lead zirconate titanate, barium strontium titanate,
strontium titanate, and strontium bismuth tantalate.

@D

Another embodiment of the present invention is a semi-
conductor device including a first cell, a second cell, a third
cell, a fourth cell, a first wiring, a second wiring, a third
wiring, a fourth wiring, a fifth wiring, a sixth wiring, and a
seventh wiring. The first cell, the second cell, the third cell,
and the fourth cell each include a first transistor, a second
transistor, and a capacitor. In particular, the capacitor
included in each of the second cell and the third cell includes
a material that can show ferroelectricity. A first terminal of
the first transistor is electrically connected to a first terminal
of the capacitor and a gate of the second transistor in each
of the first cell, the second cell, the third cell, and the fourth
cell, and a second terminal of the first transistor in the first
cell is electrically connected to the second wiring. A second
terminal of the capacitor in the first cell is electrically
connected to the sixth wiring, a first terminal of the second
transistor in the first cell is electrically connected to the
fourth wiring, and a gate of the first transistor in the first cell
is electrically connected to the first wiring. A second termi-
nal of the first transistor in the second cell is electrically
connected to the third wiring, a second terminal of the
capacitor in the second cell is electrically connected to the
seventh wiring, a first terminal of the second transistor in the
second cell is electrically connected to the fourth wiring, and
a gate of the first transistor in the second cell is electrically
connected to the first wiring. A second terminal of the first
transistor in the third cell is electrically connected to the
third wiring, a second terminal of the capacitor in the third
cell is electrically connected to the sixth wiring, a first
terminal of the second transistor in the third cell is electri-
cally connected to the fifth wiring, and a gate of the first
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transistor in the third cell is electrically connected to the first
wiring. A second terminal of the first transistor in the fourth
cell is electrically connected to the second wiring, a second
terminal of the capacitor in the fourth cell is electrically
connected to the seventh wiring, a first terminal of the
second transistor in the fourth cell is electrically connected
to the fifth wiring, and a gate of the first transistor in the
fourth cell is electrically connected to the first wiring.
(22)

In another embodiment of the present invention according
to (21) above, it is preferable that the material that can show
ferroelectricity include one or more materials selected from
hafnium oxide, zirconium oxide, HfZrO, (X is a real number
greater than 0), yttria-stabilized zirconia, barium titanate,
PbTiOy, lead zirconate titanate, barium strontium titanate,
strontium titanate, and strontium bismuth tantalate.

(23)

In another embodiment of the present invention according
to (21) or (22) above, a first circuit and a second circuit are
preferably included. It is particularly preferable that the
second wiring be electrically connected to the first circuit,
the third wiring be electrically connected to the second
circuit, the first circuit include an analog-to-digital converter
circuit, and the second circuit include a voltage source.
24

In another embodiment of the present invention according
to any one of (21) to (23) above, a current mirror circuit is
preferably included. It is particularly preferable that the
current mirror circuit be electrically connected to the fourth
wiring and the fifth wiring, and the current mirror circuit
have a function of supplying current corresponding to a
potential of the fourth wiring to the fifth wiring.

(25)

In another embodiment of the present invention according
to (24) above, a product of first data and second data is
preferably calculated. Note that the first data is determined
depending on a difference between a first potential and a
second potential, and the second data is determined depend-
ing on a difference between a third potential and a fourth
potential. The first cell has a function of retaining the first
potential in the first terminal of the capacitor in the first cell,
the second cell has a function of retaining the second
potential in the first terminal of the capacitor in the second
cell, the third cell has a function of retaining the second
potential in the first terminal of the capacitor in the third cell,
and the fourth cell has a function of retaining the first
potential in the first terminal of the capacitor in the fourth
cell. When the third potential is input to the sixth wiring and
the fourth potential is input to the seventh wiring, a current
amount obtained by subtracting the amount of current flow-
ing from the fifth wiring to the first terminal of the second
transistor in the third cell and the amount of current flowing
from the fifth wiring to the first terminal of the second
transistor in the fourth cell from the amount of current
flowing from the current mirror circuit to the fitth wiring is
an amount corresponding to the product of the first data and
the second data.

(26)

In another embodiment of the present invention according
to (21) or (22) above, a first current source, a second current
source, and a subtraction circuit are preferably included. It
is preferable that the first current source be electrically
connected to the fourth wiring, and the second current
source be electrically connected to the fifth wiring. It is
preferable that a first input terminal of the subtraction circuit
be electrically connected to the fourth wiring, and a second
input terminal of the subtraction circuit be electrically
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connected to the fifth wiring. The amount of current flowing
from the first current source to the fourth wiring is preferably
greater than or equal to 0.9 times and less than or equal to
1.1 times the amount of current flowing from the second
current source to the fifth wiring.

@7

In another embodiment of the present invention according
to (26) above, a product of first data and second data is
preferably calculated. Note that the first data is determined
depending on a difference between a first potential and a
second potential, and the second data is determined depend-
ing on a difference between a third potential and a fourth
potential. The first cell has a function of retaining the first
potential in the first terminal of the capacitor in the first cell,
the second cell has a function of retaining the second
potential in the first terminal of the capacitor in the second
cell, the third cell has a function of retaining the second
potential in the first terminal of the capacitor in the third cell,
and the fourth cell has a function of retaining the first
potential in the first terminal of the capacitor in the fourth
cell. When the third potential is input to the sixth wiring and
the fourth potential is input to the seventh wiring, current
with an amount obtained by subtracting a total amount of
current flowing from the fourth wiring to the first terminals
of the second transistors in the first cell and the second cell
from the amount of current flowing from the first current
source to the fourth wiring is input to the first input terminal
of the subtraction circuit, and current with an amount
obtained by subtracting a total amount of current flowing
from the fifth wiring to the first terminals of the second
transistors in the third cell and the fourth cell from the
amount of current flowing from the second current source to
the fifth wiring is input to the second input terminal of the
subtraction circuit. Thus, voltage corresponding to the prod-
uct of the first data and the second data is output from an
output terminal of the subtraction circuit.

28

In another embodiment of the present invention according
to any one of (1) to (27) above, each of the first transistors
and the second transistors includes a metal oxide in a
channel formation region in the first cell, the second cell, the
third cell, and the fourth cell.

29)

Another embodiment of the present invention is an elec-
tronic device including the semiconductor device according
to any one of (1) to (28) above and a housing.

Note that in this specification and the like, a semiconduc-
tor device refers to a device that utilizes semiconductor
characteristics, and means a circuit including a semiconduc-
tor element (a transistor, a diode, a photodiode, or the like),
a device including the circuit, and the like. The semicon-
ductor device also means devices that can function by
utilizing semiconductor characteristics. For example, an
integrated circuit, a chip including an integrated circuit, an
electronic component including a chip in a package, and the
like are examples of the semiconductor device. Moreover, a
memory device, a display device, a light-emitting device, a
lighting device, an electronic device, and the like themselves
are semiconductor devices, or include semiconductor
devices in some cases.

In the case where there is description “X and Y are
connected” in this specification and the like, the case where
X and Y are electrically connected, the case where X and Y
are functionally connected, and the case where X and Y are
directly connected are regarded as being disclosed in this
specification and the like. Accordingly, without being lim-
ited to a predetermined connection relation, for example, a
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connection relation shown in drawings or texts, a connection
relation other than one shown in drawings or texts is
regarded as being disclosed in the drawings or the texts.
Each of X and Y denotes an object (e.g., a device, an
element, a circuit, a wiring, an electrode, a terminal, a
conductive film, or a layer).

For example, in the case where X and Y are electrically
connected, at least one element that enables electrical con-
nection between X and Y (e.g., a switch, a transistor, a
capacitor, an inductor, a resistor, a diode, a display device,
a light-emitting device, or a load) can be connected between
X and Y. Note that a switch has a function of being
controlled to be turned on or off. That is, the switch has a
function of being in a conducting state (on state) or a
non-conducting state (off state) to control whether current
flows or not.

For example, in the case where X and Y are functionally
connected, one or more circuits that allow functional con-
nection between X and Y (e.g., a logic circuit (an inverter,
a NAND circuit, a NOR circuit, or the like); a signal
converter circuit (a digital-to-analog converter circuit, an
analog-to-digital converter circuit, a gamma correction cir-
cuit, or the like); a potential level converter circuit (a power
supply circuit (a step-up circuit, a step-down circuit, or the
like), a level shifter circuit for changing the potential level
of a signal, or the like); a voltage source; a current source;
a switching circuit; an amplifier circuit (a circuit that can
increase signal amplitude, the amount of current, or the like,
an operational amplifier, a differential amplifier circuit, a
source follower circuit, a buffer circuit, or the like); a signal
generation circuit; a memory circuit; or a control circuit) can
be connected between X and Y. For instance, even if another
circuit is provided between X and Y, X and Y are regarded
as being functionally connected when a signal output from
X is transmitted to Y.

Note that an explicit description, X and Y are electrically
connected, includes the case where X and Y are electrically
connected (i.e., the case where X and Y are connected
through another element or another circuit) and the case
where X and Y are directly connected (i.e., the case where
X and Y are connected without through another element or
another circuit).

It can be expressed as, for example, “X, Y, and a source
(or a first terminal or the like) and a drain (or a second
terminal or the like) of a transistor are electrically connected
to each other, and X, the source (or the first terminal or the
like) of the transistor, the drain (or the second terminal or the
like) of the transistor, and Y are electrically connected in this
order”. Alternatively, it can be expressed as “a source (or a
first terminal or the like) of a transistor is electrically
connected to X; a drain (or a second terminal or the like) of
the transistor is electrically connected to Y; and X, the source
(or the first terminal or the like) of the transistor, the drain
(or the second terminal or the like) of the transistor, and Y
are electrically connected in this order”. Alternatively, it can
be expressed as “X is electrically connected to Y through a
source (or a first terminal or the like) and a drain (or a second
terminal or the like) of a transistor, and X, the source (or the
first terminal or the like) of the transistor, the drain (or the
second terminal or the like) of the transistor, and Y are
provided in this connection order”. When the connection
order in a circuit structure is defined by an expression similar
to the above examples, a source (or a first terminal or the
like) and a drain (or a second terminal or the like) of a
transistor can be distinguished from each other to specify the
technical scope. Note that the above expressions are
examples, and there is no limitation on the expressions.
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Here, X and Y each denote an object (e.g., a device, an
element, a circuit, a wiring, an electrode, a terminal, a
conductive film, or a layer).

Even when independent components are electrically con-
nected to each other in a circuit diagram, one component has
functions of a plurality of components in some cases. For
example, when part of a wiring also functions as an elec-
trode, one conductive film has functions of both of the
components, the function of a wiring and the function of an
electrode. Thus, electrical connection in this specification
includes, in its category, such a case where one conductive
film has functions of a plurality of components.

In this specification and the like, a “resistor” can be, for
example, a circuit element or a wiring having a resistance
value higher than 0€2. Therefore, in this specification and the
like, a “resistor” sometimes includes a wiring having a
resistance value, a transistor in which current flows between
its source and drain, a diode, a coil, and the like. Thus, the
term “resistor” can be replaced with the terms “resistance”,
“load”, “region having a resistance value”, and the like;
conversely, the terms “resistance”, “load”, and “region hav-
ing a resistance value” can be replaced with the term
“resistor” and the like. The resistance value can be, for
example, preferably higher than or equal to 1 m€2 and lower
than or equal to 10Q, further preferably higher than or equal
to mE2 and lower than or equal to 5€2, still further preferably
higher than or equal to 10 m€2 and lower than or equal to 1Q.
For another example, the resistance value can be higher than
or equal to 1Q and lower than or equal to 1x10°Q.

In this specification and the like, a “capacitor” can be, for
example, a circuit element having an electrostatic capaci-
tance value higher than O F, a region of a wiring having an
electrostatic capacitance value higher than 0 F, parasitic
capacitance, or gate capacitance of a transistor. Therefore, in
this specification and the like, the term “capacitor”, “para-
sitic capacitance”, “gate capacitance”, or the like can be
replaced with the term “capacitance” or the like in some
cases. Conversely, the term “capacitance” can be replaced
with the term “capacitor”, “parasitic capacitance”, “gate
capacitance”, or the like in some cases. The term “pair of
electrodes” of “capacitor” can be replaced with “pair of
conductors”, “pair of conductive regions”, “pair of regions”,
and the like. Note that the electrostatic capacitance value can
be higher than or equal to 0.05 fF and lower than or equal
to 10 pF, for example. For another example, the electrostatic
capacitance value can be higher than or equal to 1 pF and
lower than or equal to 10 pF.

In this specification and the like, a transistor includes
three terminals called a gate, a source, and a drain. The gate
is a control terminal for controlling the conducting state of
the transistor. Two terminals functioning as the source and
the drain are input/output terminals of the transistor. One of
the two input/output terminals serves as the source and the
other serves as the drain on the basis of the conductivity type
(n-channel type or p-channel type) of the transistor and the
levels of potentials applied to the three terminals of the
transistor. Therefore, the terms “source” and “drain” can
sometimes be replaced with each other in this specification
and the like. In this specification and the like, expressions
“one of a source and a drain” (or a first electrode or a first
terminal) and “the other of the source and the drain” (or a
second electrode or a second terminal) are used in descrip-
tion of the connection relation of a transistor. Depending on
the transistor structure, a transistor may include a back gate
in addition to the above three terminals. In that case, in this
specification and the like, one of the gate and the back gate
of the transistor may be referred to as a first gate and the
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other of the gate and the back gate of the transistor may be
referred to as a second gate. In some cases, the terms “gate”
and “back gate” can be replaced with each other in one
transistor. In the case where a transistor includes three or
more gates, the gates may be referred to as a first gate, a
second gate, and a third gate, for example, in this specifi-
cation and the like.

In this specification and the like, for example, a transistor
with a multi-gate structure having two or more gate elec-
trodes can be used as the transistor. With the multi-gate
structure, channel formation regions are connected in series;
accordingly, a plurality of transistors are connected in series.
Thus, with the multi-gate structure, the amount of off-state
current can be reduced, and the withstand voltage of the
transistor can be increased (the reliability can be improved).
Alternatively, with the multi-gate structure, drain-source
current does not change very much even if drain-source
voltage changes at the time of operation in a saturation
region, so that a flat slope of voltage-current characteristics
can be obtained. By utilizing the flat slope of the voltage-
current characteristics, an ideal current source circuit or an
active load having an extremely high resistance value can be
obtained. As a result, a differential circuit, a current mirror
circuit, or the like having excellent properties can be
obtained.

The case where a single circuit element is illustrated in a
circuit diagram may indicate a case where the circuit ele-
ment includes a plurality of circuit elements. For example,
the case where a single resistor is illustrated in a circuit
diagram includes a case where two or more resistors are
electrically connected to each other in series. For another
example, the case where a single capacitor is illustrated in a
circuit diagram includes a case where two or more capaci-
tors are electrically connected to each other in parallel. For
another example, the case where a single transistor is
illustrated in a circuit diagram includes a case where two or
more transistors are electrically connected to each other in
series and their gates are electrically connected to each other.
Similarly, for another example, the case where a single
switch is illustrated in a circuit diagram includes a case
where the switch includes two or more transistors which are
electrically connected to each other in series or in parallel
and whose gates are electrically connected to each other.

In this specification and the like, a node can be referred to
as a terminal, a wiring, an electrode, a conductive layer, a
conductor, an impurity region, or the like depending on the
circuit structure, the device structure, or the like. Further-
more, a terminal, a wiring, or the like can be referred to as
a node.

In this specification and the like, “voltage” and “poten-
tial” can be replaced with each other as appropriate. “Volt-
age” refers to a potential difference from a reference poten-
tial, and when the reference potential is a ground potential,
for example, “voltage” can be replaced with “potential”.
Note that the ground potential does not necessarily mean 0
V. Moreover, potentials are relative values, and a potential
supplied to a wiring, a potential applied to a circuit and the
like, and a potential output from a circuit and the like, for
example, are changed with a change of the reference poten-
tial.

In this specification and the like, the terms “high-level
potential” and “low-level potential” do not mean a particular
potential. For example, in the case where two wirings are
both described as “functioning as a wiring for supplying a
high-level potential”, the levels of the high-level potentials
supplied from the wirings are not necessarily equal to each
other. Similarly, in the case where two wirings are both
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described as “functioning as a wiring for supplying a low-
level potential”, the levels of the low-level potentials sup-
plied from the wirings are not necessarily equal to each
other.

“Current” means a charge transfer (electrical conduction);
for example, the description “electrical conduction of posi-
tively charged particles is caused” can be rephrased as
“electrical conduction of negatively charged particles is
caused in the opposite direction”. Therefore, unless other-
wise specified, “current” in this specification and the like
refers to a charge transfer (electrical conduction) accompa-
nied by carrier movement. Examples of a carrier here
include an electron, a hole, an anion, a cation, and a complex
ion, and the type of carrier differs between current flow
systems (e.g., a semiconductor, a metal, an electrolyte
solution, and a vacuum). The “direction of current” in a
wiring or the like refers to the direction in which a carrier
with a positive charge moves, and the amount of current is
expressed as a positive value. In other words, the direction
in which a carrier with a negative charge moves is opposite
to the direction of current, and the amount of current is
expressed as a negative value. Thus, in the case where the
polarity of current (or the direction of current) is not
specified in this specification and the like, the description
“current flows from element A to element B” can be
rephrased as “current flows from element B to element A”,
for example. For another example, the description “current
is input to element A” can be rephrased as “current is output
from element A”.

Ordinal numbers such as “first”, “second”, and “third” in
this specification and the like are used in order to avoid
confusion among components. Thus, the terms do not limit
the number of components. Furthermore, the terms do not
limit the order of components. For example, a “first” com-
ponent in one embodiment in this specification and the like
can be referred to as a “second” component in other embodi-
ments or the scope of claims. For another example, a “first”
component in one embodiment in this specification and the
like can be omitted in other embodiments or the scope of
claims.

In this specification and the like, the terms for describing
positioning, such as “over” and “under”, are sometimes used
for convenience to describe the positional relation between
components with reference to drawings. The positional
relation between components is changed as appropriate in
accordance with the direction from which each component
is described. Thus, the positional relation is not limited to
that described with a term in this specification and the like
and can be described with another term as appropriate
depending on the situation. For example, the expression “an
insulator positioned over (on) a top surface of a conductor”
can be replaced with the expression “an insulator positioned
under (on) a bottom surface of a conductor” when the
direction of a drawing showing these components is rotated
by 180°.

Furthermore, the terms such as “over” and “under” do not
necessarily mean that a component is placed directly over or
directly under and in direct contact with another component.
For example, the expression “electrode B over insulating
layer A” does not necessarily mean that the electrode B is
formed on and in direct contact with the insulating layer A,
and does not exclude the case where another component is
provided between the insulating layer A and the electrode B.

In this specification and the like, the terms such as “film”
and “layer” can be interchanged with each other depending
on the situation. For example, the term “conductive layer”
can be changed into the term “conductive film” in some
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cases. For another example, the term “insulating film” can
be changed into the term “insulating layer” in some cases.
Alternatively, the term “film”, “layer”, or the like is not used
and can be interchanged with another term depending on the
case or according to circumstances. For example, the term
“conductive layer” or “conductive film” can be changed into
the term “conductor” in some cases. For another example,
the term “insulating layer” or “insulating film” can be
changed into the term “insulator” in some cases.

In this specification and the like, the terms “electrode,”
“wiring,” and “terminal” do not functionally limit these
components. For example, an “electrode” is used as part of
a “wiring” in some cases, and vice versa. Furthermore, the
term “electrode” or “wiring” also includes the case where a
plurality of “electrodes”, “wirings”, or the like are formed in
an integrated manner, for example. For example, a “termi-
nal” is used as part of a “wiring”, an “electrode”, or the like
in some cases, and vice versa. Furthermore, the term “ter-
minal” can also include the case where a plurality of
“electrodes”, “wirings”, “terminals™, or the like are formed
in an integrated manner. Therefore, for example, an “elec-
trode” can be part of a “wiring” or a “terminal”, and a
“terminal” can be part of a “wiring” or an “electrode”.
Moreover, the term “electrode”, “wiring”, “terminal”, or the
like is sometimes replaced with the term “region” depending
on the case, for example.

In this specification and the like, the terms “wiring”,
“signal line”, “power supply line”, and the like can be
interchanged with each other depending on the case or
according to circumstances. For example, the term “wiring”
can be changed into the term “signal line” in some cases. For
another example, the term “wiring” can be changed into the
term “power supply line” in some cases. Conversely, the
term “signal line”, “power supply line”, or the like can be
changed into the term “wiring” in some cases. The term
“power supply line” or the like can be changed into the term
“signal line” or the like in some cases. Conversely, the term
“signal line” or the like can be changed into the term “power
supply line” or the like in some cases. The term “potential”
that is applied to a wiring can be changed into the term
“signal” or the like depending on the case or according to
circumstances. Conversely, the term “signal” or the like can
be changed into the term “potential” in some cases.

In this specification and the like, an impurity in a semi-
conductor refers to, for example, elements other than the
main components of a semiconductor layer. For instance, an
element with a concentration lower than 0.1 atomic % is an
impurity. When an impurity is contained, for example, the
density of defect states in a semiconductor may be increased,
the carrier mobility may be decreased, or the crystallinity
may be decreased. In the case where the semiconductor is an
oxide semiconductor, examples of impurities that change the
characteristics of the semiconductor include Group 1 ele-
ments, Group 2 elements, Group 13 elements, Group 14
elements, Group 15 elements, and transition metals other
than the main components; specific examples are hydrogen
(included also in water), lithium, sodium, silicon, boron,
phosphorus, carbon, and nitrogen. Specifically, when the
semiconductor is a silicon layer, examples of impurities that
change the characteristics of the semiconductor include
Group 1 elements, Group 2 elements, Group 13 elements,
and Group 15 elements (except oxygen and hydrogen).

In this specification and the like, a switch has a function
of'being in a conducting state (on state) or a non-conducting
state (off state) to control whether current flows or not.
Alternatively, a switch has a function of selecting and
changing a current path. For example, an electrical switch or
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a mechanical switch can be used. That is, a switch can be any
element capable of controlling current, and is not limited to
a particular element.

Examples of an electrical switch include a transistor (e.g.,
a bipolar transistor and a MOS transistor), a diode (e.g., a PN
diode, a PIN diode, a Schottky diode, a MIM (Metal
Insulator Metal) diode, a MIS (Metal Insulator Semicon-
ductor) diode, and a diode-connected transistor), and a logic
circuit in which such elements are combined. Note that in
the case of using a transistor as a switch, a “conducting
state” of the transistor refers to, for example, a state where
a source electrode and a drain electrode of the transistor can
be regarded as being electrically short-circuited or a state
where current can flow between the source electrode and the
drain electrode. Furthermore, a “non-conducting state” of
the transistor refers to a state where the source electrode and
the drain electrode of the transistor can be regarded as being
electrically disconnected. Note that in the case where a
transistor operates just as a switch, there is no particular
limitation on the polarity (conductivity type) of the transis-
tor.

An example of a mechanical switch is a switch formed
using a MEMS (micro electro mechanical systems) technol-
ogy. Such a switch includes an electrode that can be moved
mechanically, and operates by controlling conduction and
non-conduction with movement of the electrode.

In this specification, “parallel” indicates a state where two
straight lines are placed at an angle greater than or equal to
-10° and less than or equal to 10°. Thus, the case where the
angle is greater than or equal to —5° and less than or equal
to 5° is also included. Moreover, “approximately parallel” or
“substantially parallel” indicates a state where two straight
lines are placed at an angle greater than or equal to -30° and
less than or equal to 30°. In addition, “perpendicular”
indicates a state where two straight lines are placed at an
angle greater than or equal to 80° and less than or equal to
100°. Thus, the case where the angle is greater than or equal
to 85° and less than or equal to 95° is also included.
Furthermore, “approximately perpendicular” or “substan-
tially perpendicular” indicates a state where two straight
lines are placed at an angle greater than or equal to 60° and
less than or equal to 120°.

Effect of the Invention

One embodiment of the present invention can provide a
semiconductor device capable of performing a product-sum
operation and/or an arithmetic operation of an activation
function. Alternatively, one embodiment of the present
invention can provide a semiconductor device with low
power consumption.

Alternatively, one embodiment of the present invention
can provide a novel semiconductor device and the like.
Alternatively, one embodiment of the present invention can
provide an electronic device including the semiconductor
device.

Note that the effects of one embodiment of the present
invention are not limited to the effects listed above. The
effects listed above do not preclude the existence of other
effects. The other effects are effects that are not described in
this section and will be described below. The effects that are
not described in this section are derived from the description
of the specification, the drawings, or the like and can be
extracted as appropriate from the description by those
skilled in the art. Note that one embodiment of the present
invention has at least one of the effects listed above and the
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other effects. Accordingly, one embodiment of the present
invention does not have the effects listed above in some
cases.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating an example of a
semiconductor device.

FIG. 2 is a circuit diagram illustrating a structure example
of a circuit included in a semiconductor device.

FIG. 3A and FIG. 3B are circuit diagrams illustrating
structure examples of a circuit included in a semiconductor
device.

FIG. 4A to FIG. 4C are circuit diagrams illustrating
structure examples of a circuit included in a semiconductor
device.

FIG. 5A to FIG. 5C are circuit diagrams illustrating
structure examples of a circuit included in a semiconductor
device.

FIG. 6 is a circuit diagram illustrating an example of a
semiconductor device.

FIG. 7 is a timing chart showing an operation example of
a semiconductor device.

FIG. 8 is a block diagram illustrating an example of a
semiconductor device.

FIG. 9 is a block diagram illustrating a structure example
of a circuit included in a semiconductor device.

FIG. 10 is a block diagram illustrating an example of a
semiconductor device.

FIG. 11 is a block diagram illustrating an example of a
semiconductor device.

FIG. 12 is a block diagram illustrating an example of a
semiconductor device.

FIG. 13 is a circuit diagram illustrating a structure
example of a circuit included in a semiconductor device.

FIG. 14 is a circuit diagram illustrating an example of a
semiconductor device.

FIG. 15 is a timing chart showing an operation example
of a semiconductor device.

FIG. 16 is a block diagram illustrating an example of a
semiconductor device.

FIG. 17 is a block diagram illustrating an example of a
semiconductor device.

FIG. 18 is a block diagram illustrating an example of a
semiconductor device.

FIG. 19 is a block diagram illustrating an example of a
semiconductor device.

FIG. 20 is a block diagram illustrating an example of a
semiconductor device.

FIG. 21 is a circuit diagram illustrating a structure
example of a circuit included in a semiconductor device.

FIG. 22 is a circuit diagram illustrating a structure
example of a circuit included in a semiconductor device.

FIG. 23 is a block diagram illustrating a structure example
of a circuit included in a semiconductor device.

FIG. 24 is a timing chart showing an operation example
of a semiconductor device.

FIG. 25 is a timing chart showing an operation example
of a semiconductor device.

FIG. 26 is a circuit diagram illustrating a structure
example of a circuit included in a semiconductor device.

FIG. 27 is a circuit diagram illustrating a structure
example of a circuit included in a semiconductor device.

FIG. 28 is a circuit diagram illustrating a structure
example of a circuit included in a semiconductor device.

FIG. 29 is a circuit diagram illustrating a structure
example of a circuit included in a semiconductor device.
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FIG. 30 is a circuit diagram illustrating a structure
example of a circuit included in a semiconductor device.

FIG. 31A and FIG. 31B are diagrams illustrating a hier-
archical neural network.

FIG. 32 is a block diagram illustrating a structure example
of a semiconductor device.

FIG. 33 is a block diagram illustrating a structure example
of a semiconductor device.

FIG. 34 is a schematic cross-sectional view illustrating a
structure example of a semiconductor device.

FIG. 35A to FIG. 35C are schematic cross-sectional views
illustrating structure examples of transistors.

FIG. 36 is a schematic cross-sectional view illustrating a
structure example of a semiconductor device.

FIG. 37A and FIG. 37B are schematic cross-sectional
views illustrating structure examples of a transistor.

FIG. 38 is a schematic cross-sectional view illustrating a
structure example of a transistor.

FIG. 39A is a diagram showing classification of crystal
structures of IGZ0O, FIG. 39B is a diagram showing an XRD
spectrum of crystalline IGZO, and FIG. 39C is a diagram
showing a nanobeam electron diffraction pattern of the
crystalline 1GZO.

FIG. 40A is a perspective view illustrating an example of
a semiconductor wafer, FIG. 40B is a perspective view
illustrating an example of a chip, and FIG. 40C and FIG.
40D are perspective views illustrating examples of elec-
tronic components.

FIG. 41 is a schematic view illustrating examples of
electronic devices.

FIG. 42A to FIG. 42C are schematic views illustrating
examples of electronic devices.

MODE FOR CARRYING OUT THE INVENTION

In an artificial neural network (hereinafter, referred to as
aneural network), the connection strength between synapses
can be changed by providing the neural network with
existing information. The processing for determining a con-
nection strength by providing a neural network with existing
information in such a manner is called “learning” in some
cases.

Furthermore, when a neural network in which “learning”
has been performed (the connection strength has been deter-
mined) is provided with some type of information, new
information can be output on the basis of the connection
strength. The processing for outputting new information on
the basis of provided information and the connection
strength in a neural network in such a manner is called
“inference” or “recognition” in some cases.

Examples of the model of a neural network include a
Hopfield neural network and a hierarchical neural network.
In particular, a neural network with a multilayer structure is
called a “deep neural network” (DNN) and machine learning
using a deep neural network is called “deep learning” in
some cases.

In this specification and the like, a metal oxide is an oxide
of a metal in a broad sense. Metal oxides are classified into
an oxide insulator, an oxide conductor (including a trans-
parent oxide conductor), an oxide semiconductor (also sim-
ply referred to as an OS), and the like. For example, in the
case where a metal oxide is included in a channel formation
region of a transistor, the metal oxide is referred to as an
oxide semiconductor in some cases. That is, when a metal
oxide can form a channel formation region of a transistor
that has at least one of an amplifying function, a rectifying
function, and a switching function, the metal oxide can be
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referred to as a metal oxide semiconductor. In the case where
an OS transistor is mentioned, the OS transistor can also be
referred to as a transistor including a metal oxide or an oxide
semiconductor.

In this specification and the like, a metal oxide containing
nitrogen is also referred to as a metal oxide in some cases.
A metal oxide containing nitrogen can be referred to as a
metal oxynitride.

In this specification and the like, one embodiment of the
present invention can be constituted by appropriately com-
bining a structure described in an embodiment with any of
the structures described in the other embodiments. In addi-
tion, in the case where a plurality of structure examples are
described in one embodiment, the structure examples can be
combined as appropriate.

Note that a content (or part of the content) described in
one embodiment can be applied to, combined with, or
replaced with at least one of another content (or part of the
content) in the embodiment and a content (or part of the
content) described in one or a plurality of different embodi-
ments, for example.

Note that in each embodiment (or the example), a content
described in the embodiment is a content described with
reference to a variety of diagrams or a content described
with text disclosed in the specification.

Note that by combining a diagram (or part thereof)
described in one embodiment with at least one of another
part of the diagram, a different diagram (or part thereof)
described in the embodiment, and a diagram (or part thereot)
described in one or a plurality of different embodiments,
much more diagrams can be formed.

Embodiments described in this specification will be
described with reference to the drawings. Note that the
embodiments can be implemented in many different modes,
and it will be readily appreciated by those skilled in the art
that modes and details can be changed in various ways
without departing from the spirit and scope thereof. There-
fore, the present invention should not be construed as being
limited to the description of the embodiments. Note that in
the structures of the invention in the embodiments, the same
portions or portions having similar functions are denoted by
the same reference numerals in different drawings, and
repeated description thereof is omitted in some cases. In
perspective views and the like, some components might not
be illustrated for clarity of the drawings.

In this specification and the like, when a plurality of
components are denoted by the same reference numeral, and
in particular need to be distinguished from each other, an
identification sign such as “_17, “[n]”, or “[m,n]” is some-
times added to the reference numeral. Components denoted
with identification signs such as “_17, “[n]”, and “[m,n]” in
the drawings and the like are sometimes denoted without
such identification signs in this specification and the like
when the components do not need to be distinguished from
each other.

In the drawings in this specification, the size, the layer
thickness, or the region is exaggerated for clarity in some
cases. Therefore, they are not limited to the illustrated scale.
The drawings are schematic views showing ideal examples,
and embodiments of the present invention are not limited to
the shapes, values, or the like shown in the drawings. For
example, variations in signal, voltage, or current due to
noise, variations in signal, voltage, or current due to differ-
ence in timing, or the like can be included.

Embodiment 1

Described in this embodiment is an example of an arith-
metic circuit, which is a semiconductor device of one

20

30

40

45

55

65

26

embodiment of the present invention, capable of performing
a product-sum operation and an arithmetic operation of a
function.

Structure Example 1 of Semiconductor Device

FIG. 1 illustrates a structure example of a semiconductor
device capable of performing a product-sum operation of a
plurality of pieces of first data and a plurality of pieces of
second data.

An arithmetic circuit MACI illustrated in FIG. 1 shows a
structure example of an arithmetic circuit capable of per-
forming a product-sum operation and an arithmetic opera-
tion of a function. The arithmetic circuit MACI1 is a circuit
that performs a product-sum operation of the plurality of
pieces of first data retained in a plurality of memory cells
described below and the plurality of pieces of input second
data and performs an arithmetic operation of an activation
function using the product-sum operation result. Note that
the plurality of pieces of first data and the plurality of pieces
of'second data can be analog data or multilevel data (discrete
data), for example. The plurality of pieces of first data are
sometimes collectively referred to as a first group of first
data or the like. Similarly, the plurality of pieces of second
data are sometimes collectively referred to as a second group
of second data or the like.

The arithmetic circuit MAC1 includes, for example, a
memory cell array CA, a circuit CMS, a circuit WDD, a
circuit XLD, a circuit WLD, a circuit INT, and a circuit
ACTV.

The memory cell array CA includes a memory cell
AMx[1] to a memory cell AMx[m] (m is an integer greater
than or equal to 1), a memory cell AMw][1] to a memory cell
AMw[m], a memory cell AMu[1] to a memory cell AMu
[m], and a memory cell AMr|[1] to a memory cell AMr[m].

Note that in this specification and the like, description is
sometimes given assuming that the memory cell AMx[1] to
the memory cell AMx|m] are included in a circuit CSX, the
memory cell AMu[l] to the memory cell AMu[m]| are
included in a circuit CSU, the memory cell AMw[1] to the
memory cell AMw[m] are included in a circuit CSW, and the
memory cell AMr[1] to the memory cell AMr[m] are
included in a circuit CSR.

In the memory cell array CA, the memory cells are
arranged in a matrix of 2m rows and 2 columns. Specifically,
the memory cell AMx[1] to the memory cell AMx|m] are
arranged at addresses from the first row and the first column
to the m-th row and the first column in the memory cell array
CA, the memory cell AMw([1] to the memory cell AMw|[m]
are arranged at addresses from the m+1-th row and the first
column to the 2m-th row and the first column in the memory
cell array CA, the memory cell AMu[1] to the memory cell
AMu[m] are arranged at addresses from the first row and the
second column to the m-th row and the second column in the
memory cell array CA, and the memory cell AMr[1] to the
memory cell AMr[m] are arranged at addresses from the
m+1-th row and the second column to the 2m-th row and the
second column in the memory cell array CA.

The memory cells AMx, the memory cells AMw, the
memory cells AMu, and the memory cells AMr each have a
function of retaining voltage corresponding to the first data.
Note that the voltage corresponding to the first data can be,
for example, the difference between voltage retained in the
memory cell AMu[i] and the memory cell AMw[i] and
voltage retained in the memory cell AMx[i] and the memory
cell AMri].
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The memory cell AMx[1] is electrically connected to a
wiring WAD, a wiring BAL, a wiring WAL[1], and a wiring
XAL[1]. The memory cell AMx[m] is electrically connected
to the wiring WAD, the wiring BAL, a wiring WAL[m], and
a wiring XAL[m]. The memory cell AMw|[1] is electrically
connected to the wiring WAD, the wiring BAL, a wiring
WBLJ[1], and a wiring XBL[1]. The memory cell AMw|[m]|
is electrically connected to the wiring WAD, the wiring
BAL, a wiring WBL[m], and a wiring XBL[m]. The
memory cell AMul[1] is electrically connected to a wiring
WBD, a wiring BBL, the wiring WAL[1], and the wiring
XAL[1]. The memory cell AMu[m] is electrically connected
to the wiring WBD, the wiring BBL, the wiring WAL [m],
and the wiring XAL[m]. The memory cell AMr|1] is elec-
trically connected to the wiring WBD, the wiring BBL, the
wiring WBL[1], and the wiring XBL[1]. The memory cell
AMr[m] is electrically connected to the wiring WBD, the
wiring BBL, the wiring WBL[m], and the wiring XBL[m].

The detailed circuit structure example of each of the
memory cell AMx[1] to the memory cell AMx[m], the
memory cell AMw[1] to the memory cell AMw[m], the
memory cell AMu[1] to the memory cell AMu[m], and the
memory cell AMr[1] to the memory cell AMr[m] will be
described later.

The circuit CMS is electrically connected to the wiring
BAL and the wiring BBL, for example. The circuit CMS has
a function of supplying current from the wiring BAL to each
of the memory cell AMx[1] to the memory cell AMx[m] and
the memory cell AMw][1] to the memory cell AMw[m] and
a function of supplying current from the wiring BBL to each
of the memory cell AMu[1] to the memory cell AMu[m] and
the memory cell AMr|[1] to the memory cell AMr[m]. Note
that the amount of current flowing through the wiring BAL
and the amount of current flowing through the wiring BBL,
which are from the circuit CMS, are preferably equal to each
other. Specifically, the amount of current flowing through
the wiring BAL is preferably greater than or equal to 0.85
times, greater than or equal to 0.9 times, or greater than or
equal to 0.95 times and less than or equal to 1.05 times, less
than or equal to 1.1 times, or less than or equal to 1.15 times
the amount of current flowing through the wiring BBL.. Note
that the above-described lower limits and upper limits can be
combined with each other.

Note that a specific structure example of the circuit CMS
will be described later.

The circuit WDD is electrically connected to the wiring
WAD and the wiring WBD, for example. The circuit WDD
has a function of transmitting data to be stored in each
memory cell included in the memory cell array CA. For
example, the circuit WDD can transmit the first data or
reference data as the data to each of the wiring WAD and the
wiring WBD.

The circuit WLD is electrically connected to the wiring
WAL[1] to the wiring WAL[m] and the wiring WBL[1] to
the wiring WBL[m], for example. The circuit WLD has a
function of selecting a memory cell to which data is to be
written when data is written to the memory cell included in
the memory cell array CA. Specifically, for example, when
data is written to the memory cell AMx[i] (i is an integer
greater than or equal to 1 and less than or equal to m) and
the memory cell AMu[i] in the memory cell array CA, the
circuit WLD supplies a high-level potential to the wiring
WALJ[i] and supplies a low-level potential to the wiring
WAL[1] to the wiring WAL[m] except the wiring WAL[i]
and the wiring WBL[1] to the wiring WBL[m], thereby
selecting the memory cell AMx[i] and the memory cell
AMu[i] to which data is to be written. For another example,
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when data is written to the memory cell AMw/[i] and the
memory cell AMr[i] in the memory cell array CA, the circuit
WLD supplies a high-level potential to the wiring WBL[i]
and supplies a low-level potential to the wiring WAL[1] to
the wiring WAL[m] and the wiring WBL[1] to the wiring
WBL[m] except the wiring WBL[i], thereby selecting the
memory cell AMw/[i] and the memory cell AMr]i] to which
data is to be written.

The circuit XLD is electrically connected to the wiring
XAL[1] to the wiring XAL[m] and the wiring XBL[1] to the
wiring XBL[m], for example. The circuit XLLD has a func-
tion of transmitting the second data for performing multi-
plication by the first data to each memory cell included in the
memory cell array CA. Specifically, for example, the circuit
XLD can supply a potential corresponding to the second
data to the wiring XAL[1] to the wiring XAL[m] and the
wiring XBL[1] to the wiring XBL[m].

The circuit INT is electrically connected to the wiring
BAL and the wiring BBL, for example. The circuit INT has
a function of inputting a predetermined voltage to the wiring
BAL and the wiring BBL, for example. Note that the voltage
can be, for example, a low-level potential or a ground
potential.

For a specific structure example, the circuit INT includes
a circuit SCI, and the circuit SCI includes a switch SW5A
and a switch SW5B. A first terminal of the switch SW5A is
electrically connected to the wiring BAL, and a second
terminal of the switch SW5A is electrically connected to a
wiring VSL. A first terminal of the switch SW5B is electri-
cally connected to the wiring BBL, and a second terminal of
the switch SW5B is electrically connected to the wiring
VSL. A control terminal of each of the switch SW5A and the
switch SW5B is electrically connected to a wiring SL5.

As the switch SW5A and the switch SW5B, an electrical
switch such as an analog switch or a transistor can be used,
for example. Alternatively, a mechanical switch may be used
as the switch SW5A and the switch SW5B, for example.
Note that in the case of using a transistor as the switch
SW5A and the switch SW5B, the transistor can be an OS
transistor or a transistor containing Si in a channel formation
region (hereinafter, referred to as a Si transistor).

Note that in this embodiment, each of the switch SW5A
and the switch SW5B is turned on when a high-level
potential is input to the control terminal, and is turned off
when a low-level potential is input to the control terminal.

The wiring SL5 functions as a wiring that supplies voltage
for switching the conducting state and the non-conducting
state of the switch SW5A and the switch SW5B, for
example. Thus, the voltage can be, for example, a high-level
potential or a low-level potential.

The wiring VSL functions as a wiring that supplies a
constant voltage, for example. The constant voltage can be
a low-level potential or a ground potential, for example.

The circuit ACTV is electrically connected to the wiring
BAL and a wiring NIL, for example. The circuit ACTV has
a function of outputting voltage corresponding to the amount
of current flowing from the wiring BAL to the circuit ACTV,
a function of performing an arithmetic operation according
to a function system defined in advance using the voltage,
and a function of outputting a result of the arithmetic
operation of the function to the wiring NIL, for example.

Specifically, as the function system in the circuit ACTV,
a sigmoid function, a tanh function, a softmax function, a
ReL.U function (ramp function), a threshold function, or the
like can be used, for example. Any of these functions can be
used as an activation function in a neural network, for
example.



US 12,136,465 B2

29
Structure Example of Memory Cell Array CA

Next, structure examples of the memory cell AMx[1] to
the memory cell AMx[m], the memory cell AMu[1] to the
memory cell AMu[m], the memory cell AMw|[1] to the
memory cell AMw[m], and the memory cell AMr[1] to the
memory cell AMr[m] included in the memory cell array CA
will be described.

FIG. 2 is a circuit diagram illustrating a structure example
of'the memory cell array CA. The memory cell array CA has
a function of calculating a product-sum of the plurality of
pieces of first data and the plurality of pieces of second data.

In the memory cell array CA illustrated in FIG. 2, the
memory cells AMx, the memory cells AMu, the memory
cells AMw, and the memory cells AMr each include a
transistor M1, a transistor M2, and a capacitor C1.

The transistors M1 included in the memory cells AMx, the
memory cells AMu, the memory cells AMw, and the
memory cells AMr preferably have the same size. In addi-
tion, the transistors M2 included in the memory cells AMx,
the memory cells AMu, the memory cells AMw, and the
memory cells AMr preferably have the same size.

By making the transistors have the same size, each
transistor can have almost the same electrical characteristics.
Thus, by making the transistors M1 included in the memory
cells AMx, the memory cells AMu, the memory cells AMw,
and the memory cells AMr have the same size and making
the transistors M2 included in the memory cells AMx, the
memory cells AMu, the memory cells AMw, and the
memory cells AMr have the same size, the memory cells
AMx, the memory cells AMu, the memory cells AMw, and
the memory cells AMr can perform substantially the same
operation when under the same conditions. The same con-
ditions here mean, for example, potentials of a source, a
drain, a gate, and the like of the transistor M1; potentials of
a source, a drain, a gate, and the like of the transistor M2;
and voltages input to the memory cells AMx, the memory
cells AMu, the memory cells AMw, and the memory cells
AMr.

Note that the transistor M1 may function as a switching
element unless otherwise specified. That is, voltages in a
range where the transistor M1 operates as a switching
element may be appropriately input to the gate, the source,
and the drain of the transistor M1. However, one embodi-
ment of the present invention is not limited thereto. For
example, the transistor M1 in the on state can operate in a
saturation region or a linear region. Alternatively, the tran-
sistor M1 can operate in a subthreshold region in order to
reduce the amount of current flowing through the transistor
M1. Alternatively, the transistor M1 can operate in a linear
region, in a saturation region, and in a subthreshold region.
Alternatively, the transistor M1 can operate both in a linear
region and in a saturation region, both in a saturation region
and in a subthreshold region, or both in a linear region and
in a subthreshold region.

Note that in this specification and the like, a subthreshold
region refers to a region where gate voltage is lower than
threshold voltage in a graph of gate voltage (Vg)-drain
current (Id) characteristics of a transistor. Alternatively, the
subthreshold region refers to a region where current flows
due to carrier diffusion, which is out of gradual channel
approximation (a model in which only drift current is
considered). Alternatively, the subthreshold region refers to
a region where drain current increases exponentially with
respect to an increase in gate voltage. Alternatively, the
subthreshold region includes a region that can be regarded as
any region of the above description.
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Drain current when a transistor operates in the subthresh-
old region is referred to as subthreshold current. The sub-
threshold current increases exponentially with respect to
gate voltage, regardless of drain voltage. The circuit opera-
tion using the subthreshold current can reduce the influence
of a variation in drain voltage.

Unless otherwise specified, the transistor M2 in the on
state may operate in a saturation region. That is, voltages in
the range where the transistor operates in a saturation region
may be appropriately input to the gate, the source, and the
drain of each of the above transistors. However, one embodi-
ment of the present invention is not limited thereto. The
transistor M2 can operate in a linear region in order to
decrease the amplitude value of voltage to be supplied.
Alternatively, the transistor M2 can operate in a subthresh-
old region in order to reduce the amount of current flowing
through the transistor M2. Alternatively, the transistor M2
can operate in a linear region, in a saturation region, and in
a subthreshold region. Alternatively, the transistor M2 can
operate both in a linear region and in a saturation region.
Alternatively, the transistor M2 can operate both in a satu-
ration region and in a subthreshold region.

Note that the transistor M1 is preferably an OS transistor.
In addition, it is further preferable that a channel formation
region of the transistor M1 include an oxide containing at
least one of indium, gallium, and zinc. Alternatively, the
channel formation region of the transistor M1 may be an
oxide containing at least one of indium, an element M (as the
element M, for example, one or more kinds selected from
aluminum, yttrium, copper, vanadium, beryllium, boron,
titanium, iron, nickel, germanium, zirconium, molybdenum,
lanthanum, cerium, neodymium, hafnium, tantalum, tung-
sten, magnesium, and the like can be given), and zinc. It is
further preferable that the transistor M1 have a structure of
a transistor described in Embodiment 5.

With the use of an OS transistor as the transistor M1, the
leakage current of the transistor M1 can be suppressed, so
that a product-sum operation circuit with high computation
accuracy can be obtained in some cases. Moreover, the use
of an OS transistor as the transistor M1 achieves an
extremely low leakage current from retention nodes (e.g., a
node Nx[1], a node Nx[m], a node Nu[1], a node Nu[m], a
node Nw[1], a node Nw[m], a node Nr[1], and a node Nr[m]
described later) to write word lines (e.g., the wiring WAD
and the wiring WBD) at the time when each transistor M1
is in the non-conducting state. In other words, the frequency
of refresh operations for the potential at the retention node
can be reduced; thus, power consumption of the product-
sum operation circuit can be reduced.

The use of an OS transistor also as the transistor M2
allows the transistor M2 to be formed concurrently with the
transistor M1, which sometimes results in a reduction in the
number of manufacturing steps for the product-sum opera-
tion circuit. The transistor M2 may be a Si transistor instead
of an OS transistor. As silicon, amorphous silicon (some-
times referred to as hydrogenated amorphous silicon),
microcrystalline silicon, polycrystalline silicon, single crys-
tal silicon, or the like can be used, for example.

Note that an OS transistor has a drain current per microm-
eter of channel width of lower than 1x1072° A, lower than
1x1072* A, or lower than 1x1072* A when the gate voltage
is lower than the threshold voltage of the transistor. In
addition, an OS transistor has a drain current per micrometer
of channel width of 1.0x10™® A or lower, 1.0x107'* A or
lower, or 1.0x10™"> A or lower when the gate voltage is
equal to the threshold voltage of the transistor. That is, an OS
transistor can have a large range of the gate voltage in which
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the transistor operates in the subthreshold region. Specifi-
cally, when the threshold voltage of an OS transistor is V,,,
a circuit operation using the gate voltage in the voltage range
of (V,-1.0 V) to V,, inclusive, or (V,,-0.5 V) to V,,,
inclusive, is possible in the subthreshold region.

Meanwhile, a Si transistor has a high off-state current and
a narrow range of the gate voltage in which the transistor
operates in the subthreshold region. In the case of utilizing
subthreshold current, an OS transistor can perform a circuit
operation in a wider range of the gate voltage than a Si
transistor.

For the transistor M1 and the transistor M2 in FIG. 2, the
back gate is illustrated but the connection structure of the
back gate is not illustrated; a target to which the back gate
is electrically connected can be determined at the design
stage. For example, in a transistor including a back gate, a
gate and the back gate may be electrically connected to each
other to increase the on-state current of the transistor. That
is, for example, the gate and the back gate of the transistor
M1 may be electrically connected to each other, and the gate
and the back gate of the transistor M2 may be electrically
connected to each other. Furthermore, for example, in a
transistor including a back gate, a wiring electrically con-
necting the back gate of the transistor to an external circuit
or the like may be provided and a potential may be supplied
to the back gate of the transistor with the external circuit or
the like to change the threshold voltage of the transistor or
to reduce the off-state current of the transistor.

The transistor M1 and the transistor M2 illustrated in FIG.
2 have back gates; however, the semiconductor device of
one embodiment of the present invention is not limited
thereto. For example, the transistor M1 and the transistor M2
illustrated in FIG. 2 may each be a transistor having a
structure not including a back gate, i.e., a single-gate struc-
ture. It is also possible that some transistors have a structure
including a back gate and the other transistors have a
structure not including a back gate.

The transistor M1 and the transistor M2 illustrated in FIG.
2 are n-channel transistors; however, the semiconductor
device of one embodiment of the present invention is not
limited thereto. For example, some or all of the transistors
M1 and the transistors M2 may be replaced with p-channel
transistors.

The above-described examples of changes in the structure
and polarity of the transistor are not limited to the transistor
M1 and the transistor M2. For example, the same applies to
a transistor M3A and a transistor M3B described later,
transistors described in other parts of this specification,
transistors included in switches, circuits, and the like, tran-
sistors illustrated in other drawings, and the like.

In each of the memory cells AMx, the memory cells AMu,
the memory cells AMw, and the memory cells AMr, a first
terminal of the transistor M1 is electrically connected to a
gate of the transistor M2. A first terminal of the transistor M2
is electrically connected to a wiring VR. A first terminal of
the capacitor C1 is electrically connected to the gate of the
transistor M2.

In each of the memory cell AMx[1] to the memory cell
AMx[m], a second terminal of the transistor M1 is electri-
cally connected to the wiring WAD, and a second terminal
of the transistor M2 is electrically connected to the wiring
BAL. In the memory cell AMx([i], the gate of the transistor
M1 is electrically connected to the wiring WAL[i], and a
second terminal of the capacitor C1 is electrically connected
to the wiring XAL[i]. Note that an electrical connection
portion of the first terminal of the transistor M1, the gate of
the transistor M2, and the first terminal of the capacitor C1
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in the memory cell AMx[1] is the node Nx[1], and an
electrical connection portion of the first terminal of the
transistor M1, the gate of the transistor M2, and the first
terminal of the capacitor C1 in the memory cell AMx[m] is
the node Nx[m].

In each of the memory cell AMu[1] to the memory cell
AMu[m], a second terminal of the transistor M1 is electri-
cally connected to the wiring WBD, and a second terminal
of the transistor M2 is electrically connected to the wiring
BBL. In the memory cell AMuli], the gate of the transistor
M1 is electrically connected to the wiring WAL[i], and a
second terminal of the capacitor C1 is electrically connected
to the wiring XAL[i]. Note that an electrical connection
portion of the first terminal of the transistor M1, the gate of
the transistor M2, and the first terminal of the capacitor C1
in the memory cell AMu[1] is the node Nu[l], and an
electrical connection portion of the first terminal of the
transistor M1, the gate of the transistor M2, and the first
terminal of the capacitor C1 in the memory cell AMu[m] is
the node Nu[m].

In each of the memory cell AMw[1] to the memory cell
AMw][m], a second terminal of the transistor M1 is electri-
cally connected to the wiring WAD, and a second terminal
of the transistor M2 is electrically connected to the wiring
BAL. In the memory cell AMw][i], the gate of the transistor
M1 is electrically connected to the wiring WBL[i], and a
second terminal of the capacitor C1 is electrically connected
to the wiring XBL[i]. Note that an electrical connection
portion of the first terminal of the transistor M1, the gate of
the transistor M2, and the first terminal of the capacitor C1
in the memory cell AMw][1] is the node Nw[1], and an
electrical connection portion of the first terminal of the
transistor M1, the gate of the transistor M2, and the first
terminal of the capacitor C1 in the memory cell AMw[m] is
the node Nw[m].

In each of the memory cell AMr[1] to the memory cell
AMTr[m], a second terminal of the transistor M1 is electri-
cally connected to the wiring WBD, and a second terminal
of the transistor M2 is electrically connected to the wiring
BBL. In the memory cell AMr[i], the gate of the transistor
M1 is electrically connected to the wiring WBL[i], and a
second terminal of the capacitor C1 is electrically connected
to the wiring XBL[i]. Note that an electrical connection
portion of the first terminal of the transistor M1, the gate of
the transistor M2, and the first terminal of the capacitor C1
in the memory cell AMr[1] is the node Nr[l], and an
electrical connection portion of the first terminal of the
transistor M1, the gate of the transistor M2, and the first
terminal of the capacitor C1 in the memory cell AMr[m] is
the node Nr[m].

The node Nx[1], the node Nx[m], the node Nu[1], the
node Nu[m], the node Nw[1], the node Nw[m], the node
Nr[1], and the node Nr[m] described above function as
retention nodes of the respective memory cells.

The wiring VR is a wiring for supplying current between
the first terminal and the second terminal of the transistor
M2 in each of the memory cells AMx, the memory cells
AMu, the memory cells AMw, and the memory cells AMr.
Thus, the wiring VR functions as a wiring for supplying a
predetermined potential. In this embodiment, a potential
supplied from the wiring VR can be, for example, a low-
level potential, a ground potential, or a potential lower than
the ground potential. The plurality of wirings VR illustrated
in FIG. 2 can be the same wiring or different wirings.
Alternatively, some of the plurality of wirings VR illustrated
in FIG. 2 can be the same wiring and the others can be
different wirings. Particularly in the case where all or some
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of the plurality of wirings VR are different wirings, the
different wirings can be supplied with the respective poten-
tials. In other words, the plurality of wirings VR illustrated
in FIG. 13 can be supplied with the same potential or
different potentials.

Structure Example of Circuit CMS

Next, a structure example of the circuit CMS will be
described.

FIG. 3A illustrates an example of a circuit structure that
can be used for the circuit CMS in FIG. 1, and the circuit
CMS in FIG. 3A includes a circuit CM. The circuit CM
includes a transistor M3A and a transistor M3B, which are
p-channel transistors, a switch SW7A, and a switch SW7B.

A first terminal of the transistor M3A is electrically
connected to a first terminal of the switch SW7A, and a
second terminal of the transistor M3A is electrically con-
nected to a wiring VHE. A second terminal of the switch
SW7A is electrically connected to the wiring BAL. A first
terminal of the transistor M3B is electrically connected to a
first terminal of the switch SW7B, a gate of the transistor
M3A, and a gate of the transistor M3B, and a second
terminal of the transistor M3B is electrically connected to
the wiring VHE. A second terminal of the switch SW7B is
electrically connected to the wiring BBL. A control terminal
of each of the switch SW7A and the switch SW7B is
electrically connected to a wiring SL7.

Note that the transistor M3A and the transistor M3B are
each preferably a transistor containing silicon in its channel
formation region (hereinafter, referred to as a Si transistor).
Silicon contained in a channel formation region can be, for
example, amorphous silicon (sometimes referred to as
hydrogenated amorphous silicon), microcrystalline silicon,
polycrystalline silicon, single crystal silicon, or the like.

Unless otherwise specified, the transistor M3A and the
transistor M3B in the on state may each operate in a
saturation region. That is, voltages in the range where the
transistor operates in a saturation region may be appropri-
ately input to the gate, the source, and the drain of each of
the above transistors. However, one embodiment of the
present invention is not limited thereto. The transistor M3A
and the transistor M3B can operate in a linear region in order
to decrease the amplitude value of voltage to be supplied.
Alternatively, the transistor M3 A and the transistor M3B can
operate in a subthreshold region in order to reduce the
amount of current flowing through the transistor M3A and
the transistor M3B. Alternatively, the transistor M3 A and the
transistor M3B can operate in a linear region, in a saturation
region, and in a subthreshold region. Alternatively, the
transistor M3A and the transistor M3B can operate both in
a linear region and in a saturation region, both in a saturation
region and in a subthreshold region, or both in a linear region
and in a subthreshold region.

As the switch SW7A and the switch SW7B, for example,
a switch that can be used as the switch SW5A and the switch
SWS5B can be used. In this embodiment, each of the switch
SW7A and the switch SW7B is turned on when a high-level
potential is input to the control terminal, and is turned off
when a low-level potential is input to the control terminal.

The wiring VHE functions as a wiring that supplies a
constant voltage, for example. The constant voltage is pref-
erably a high-level potential, for example.

The wiring SL.7 functions as a wiring that supplies voltage
for switching the conducting state and the non-conducting
state of the switch SW7A and the switch SW7B, for
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example. Thus, the voltage can be, for example, a high-level
potential or a low-level potential.

The circuit CM in FIG. 3A having the above structure
functions as a current mirror circuit. Specifically, with
reference to the potential of the first terminal of the transistor
M3B (wiring BBL), the circuit CM in FI1G. 3A has a function
of supplying current corresponding to the potential between
the source and the drain of each of the transistor M3A and
the transistor M3B. In other words, the circuit CMS has a
function of supplying current with the amount, which is
almost equal to the amount of current flowing between the
source and the drain of the transistor M3B, between the
source and the drain of the transistor M3A.

The structure of the circuit CMS is not limited to the
structure illustrated in FIG. 3A. The structure of the circuit
CMS may be a structure in which the transistor M3A and a
transistor M4A are cascode-connected and the transistor
M3B and a transistor M4B are cascode-connected, as in the
circuit CMS illustrated in FIG. 3B, for example. Specifi-
cally, the first terminal of the transistor M3A is electrically
connected to a first terminal of the transistor M4A, and the
second terminal of the transistor M3A is electrically con-
nected to the wiring VHE. The first terminal of the transistor
M3B is electrically connected to a first terminal of the
transistor M4B, the gate of the transistor M3 A, and the gate
of the transistor M3B, and the second terminal of the
transistor M3B is electrically connected to the wiring VHE.
A second terminal of the transistor M4A is electrically
connected to the wiring BAL. A second terminal of the
transistor M4B is electrically connected to the wiring BBL,
a gate of the transistor M4A, and a gate of the transistor
M4B. When the transistors included in the circuit CM are
cascode-connected as in the circuit CMS illustrated in FIG.
3B, the operation of the current mirror circuit of the circuit
CM can be more stable.

Although the circuit CMS in FIG. 3A has a structure in
which the first terminal of the transistor M3A is electrically
connected to the wiring BAL through the switch SW7A and
the first terminal of the transistor M3B is electrically con-
nected to the wiring BBL through the switch SW7B, the
electrical connection positions of the switch SW7A and the
switch SW7B are not limited thereto. For example, the
circuit CMS in FIG. 3A can have a structure in which the
second terminal of the transistor M3A is electrically con-
nected to the wiring VHE through the switch SW7A (not
illustrated) and/or a structure in which the second terminal
of the transistor M3B is electrically connected to the wiring
VHE through the switch SW7B (not illustrated). Although
the circuit CMS in FIG. 3B has a structure in which the
second terminal of the transistor M4A is electrically con-
nected to the wiring BAL through the switch SW7A and the
second terminal of the transistor M4B is electrically con-
nected to the wiring BBL through the switch SW7B, the
electrical connection positions of the switch SW7A and the
switch SW7B are not limited thereto. For example, the
circuit CMS in FIG. 3B can have the structure in which the
second terminal of the transistor M3A is electrically con-
nected to the wiring VHE through the switch SW7A or a
structure in which the first terminal of the transistor M3A is
electrically connected to the first terminal of the transistor
M4A through the switch SW7A. For another example, the
circuit CMS in FIG. 3B can have the structure in which the
second terminal of the transistor M3B is electrically con-
nected to the wiring VHE through the switch SW7B or a
structure in which the first terminal of the transistor M3B is
electrically connected to the first terminal of the transistor
M4B through the switch SW7B. As described above, the
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electrical connection positions of the switch SW7A and the
switch SW7B in FIG. 3A and FIG. 3B can be freely
determined in the design phase. Thus, in one embodiment of
the present invention, there is no particular limitation on the
electrical connection positions of the switch SW7A and the
switch SW7B.

Structure Example of Circuit ACTV

Next, a structure example of the circuit ACTV that can be
used in the arithmetic circuit MAC1 will be described.

FIG. 4A is a circuit diagram illustrating a structure
example of the circuit ACTV. The circuit ACTV includes a
circuit ACP, for example, and the circuit ACP includes a
circuit IVC, a circuit ACF, and a switch SW4A.

A first terminal of the switch SW4A is electrically con-
nected to the wiring BAL, a second terminal of the switch
SW4A is electrically connected to a first terminal of the
circuit IVC, and a second terminal of the circuit IVC is
electrically connected to a first terminal of the circuit ACF.
A second terminal of the circuit ACF is electrically con-
nected to the wiring NIL. A control terminal of the switch
SW4A is electrically connected to a wiring SL4. Note that
in the description in Embodiment 2 below, the wiring BAL
is replaced with a wiring BAN.

The circuit IVC has a function of outputting, to the second
terminal, voltage corresponding to the amount of current
input to the first terminal. That is, the circuit IVC has a
function of a current-to-voltage converter circuit.

The circuit ACF has a function of performing an arith-
metic operation according to a defined function system on
the basis of the voltage input to the first terminal, and a
function of outputting the result of the arithmetic operation
of the function system to the second terminal of the circuit
ACF (wiring NIL). Examples of the function system include
a sigmoid function, a tanh function, a softmax function, a
ReL.U function (ramp function), and a threshold function.

As the switch SW4A, a switch that can be used as the
switch SW5A and the switch SW5B can be used, for
example.

The wiring SL.4 functions as a wiring that supplies voltage
for switching the conducting state and the non-conducting
state of the switch SW4A, for example. Thus, the voltage
can be, for example, a high-level potential or a low-level
potential.

Next, a specific structure example of the circuit IVC is
described. The circuit ACTV illustrated in FIG. 4B has a
circuit structure applicable to the circuit ACTV in FIG. 4A,
and FIG. 4B illustrates a specific structure example of the
circuit IVC. In FIG. 4B, the circuit IVC includes an opera-
tional amplifier OP and a load LEA. An inverting input
terminal of the operational amplifier OP is electrically
connected to a first terminal of the circuit IVC and a first
terminal of the load LEA, and an output terminal of the
operational amplifier OP is electrically connected to a sec-
ond terminal of the load LEA and a second terminal of the
circuit IVC. A non-inverting input terminal of the opera-
tional amplifier OP is electrically connected to a wiring
VRPL. Note that a third terminal of the circuit IVC is
positioned between the non-inverting input terminal of the
operational amplifier OP and the wiring VRPL.

As the load LEA, for example, a resistor, a diode, a
transistor, or the like can be used.

The wiring VRPL functions as a wiring that supplies a
constant voltage, for example. The constant voltage can be
a ground potential or a low-level potential, for example.
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In particular, by setting the potential supplied from the
wiring VRPL to a ground potential, the ground potential is
input to the non-inverting input terminal of the operational
amplifier OP. Since the inverting input terminal of the
operational amplifier OP is electrically connected to the
output terminal of the operational amplifier OP through the
load LEA (i.e., the operational amplifier OP has a negative
feedback connection structure), the potential of the inverting
input terminal of the operational amplifier OP can be
regarded as being virtually grounded.

As the circuit structure applicable to the circuit ACTV in
FIG. 4A, a circuit structure of the circuit ACTV in FIG. 4C,
besides the circuit structure in FIG. 4B, can be employed.
Note that the circuit ACP illustrated in FIG. 4C includes a
current source CCS in addition to the circuit IVC and the
circuit ACF. In FIG. 4C, the circuit IVC includes the
operational amplifier OP, the load LEA, and a load LEB. The
inverting input terminal of the operational amplifier OP is
electrically connected to the first terminal of the circuit IVC
and the first terminal of the load LEA, and the output
terminal of the operational amplifier OP is electrically
connected to the second terminal of the load LEA and the
second terminal of the circuit IVC. The non-inverting input
terminal of the operational amplifier OP is electrically
connected to an output terminal of the current source CCS
and a first terminal of the load LEB, an input terminal of the
current source CCS is electrically connected to a wiring
VDL, and a second terminal of the load LEB is electrically
connected to a wiring VSSL. Note that the third terminal of
the circuit IVC is positioned between the non-inverting input
terminal of the operational amplifier OP and the output
terminal of the current source CCS.

It is preferable to use a circuit element similar to the load
LEA as the load LEB, for example.

The wiring VDL functions as a wiring that supplies a
constant voltage, for example. The constant voltage can be
a high-level potential, for example.

The wiring VSSL functions as a wiring that supplies a
constant voltage, for example. The constant voltage can be
a ground potential or a low-level potential, for example.

The circuit IVC illustrated in FIG. 4C functions as a
subtraction circuit. Specifically, voltage corresponding to
the difference between the amount of current flowing from
the wiring BAL to the first terminal of the circuit [IVC and
the amount of current flowing from the output terminal of
the current source CCS to the third terminal of the circuit
IVC can be output to the second terminal of the circuit IVC.
In the case where the circuit IVC functions as a subtraction
circuit, the load LEA and the load LEB included in the
circuit IVC preferably have the same resistance value.

Note that when current flowing from the output terminal
of the current source CCS to the third terminal of the circuit
IVC is 0 A (i.e., current can be regarded as not flowing) and
the potential of the third terminal of the circuit IVC is the
same as the potential supplied from the wiring VRPL in FIG.
4B, the circuit ACTV in FIG. 4C is equivalent to the circuit
ACTV in FIG. 4B.

Next, a specific structure example of the circuit ACF is
described. FIG. 5A illustrates a circuit structure applicable to
the circuit ACTV in FIG. 4A, and FIG. 5A illustrates a
specific structure example of the circuit ACF. In FIG. 5A, the
circuit ACF includes a transistor M5, which is a p-channel
transistor, and a switch SW4F. A first terminal of the
transistor M5 is electrically connected to the first terminal of
the circuit ACF, a second terminal of the transistor M5 is
electrically connected to a first terminal of the switch SW4F,
and a second terminal of the switch SW4F is electrically



US 12,136,465 B2

37

connected to a second terminal of the circuit ACF. A gate of
the transistor M5 is electrically connected to a wiring VBA,
and a control terminal of the switch SW4F is electrically
connected to the wiring SL4.

The wiring VBA functions as a wiring that supplies a
given constant voltage, for example.

As the switch SW4F, for example, a switch that can be
used as the switch SW5A and the switch SW5B can be used.
Since the control terminal of the switch SW4F is electrically
connected to the wiring SI.4, the switch SW4F can switch
between the on state and the off state in synchronization with
the switch SW4A.

The transistor M5 functions as a pass transistor between
the wiring BAL and the wiring NIL. The voltage output from
the second terminal of the transistor M5 depends on the
voltage input to the first terminal of the transistor M5 and the
voltage supplied to the gate of the transistor M5. Here, the
case where the voltage of the first terminal of the transistor
MS is regarded as V , the voltage supplied to the gate of the
transistor M5 (voltage supplied from the wiring VBA) is
regarded as V., and the threshold voltage of the transistor
MS is regarded as V,,, is considered. When V  is higher than
or equal to Vg, 4V, the transistor M5 outputs approxi-
mately V, to the second terminal. When V, is lower than
Vsras+ Vs, the transistor M5 outputs approximately Vg, , o+
V,, to the second terminal. That is, the voltage output to the
second terminal of the transistor M5 can be regarded as a
result of an arithmetic operation of a ReL.U function (ramp
function), which is performed using the voltage of the first
terminal of the transistor M5 as an input value.

As another circuit structure applicable to the circuit ACF
in the circuit ACTV in FIG. 4A, a circuit structure of the
circuit ACF in the circuit ACTV illustrated in FIG. 5B can
be employed, for example. Note that the circuit ACF illus-
trated in FIG. 5B includes a comparator CMP. Specifically,
a first terminal of the comparator CMP is electrically con-
nected to the first terminal of the circuit ACF, a second
terminal of the comparator CMP is electrically connected to
the wiring VBA, and an output terminal of the comparator
CMP is electrically connected to the second terminal of the
circuit ACF.

The wiring VBA here functions as a wiring for supplying
voltage to be compared with the potential of the first
terminal of the comparator CMP. Thus, the voltage can be a
given constant voltage.

The use of the circuit ACTV in FIG. 5B as the circuit
ACTYV in the arithmetic circuit MAC1 enables the circuit
ACF in FIG. 5B to output a low-level potential or a
high-level potential (binary digital signal) to the wiring NIL,
depending on the magnitude relationship between the volt-
age supplied from the circuit IVC and the voltage supplied
from the wiring VBA. That is, in the circuit ACF in FIG. 5B,
the voltage output to the second terminal of the circuit ACF
can be regarded as a result of an arithmetic operation of a
step function (ramp function), which is performed using the
voltage of the first terminal of the circuit ACF as an input
value.

As another circuit structure applicable to the circuit ACF
in the circuit ACTV in FIG. 4A, a circuit structure of the
circuit ACF in the circuit ACTV illustrated in FIG. 5C can
be employed, for example. Note that the circuit ACF illus-
trated in FIG. 5C includes an analog-to-digital converter
circuit ADC. Specifically, an input terminal of the analog-
to-digital converter circuit ADC is electrically connected to
the first terminal of the circuit ACF, and an output terminal
of the analog-to-digital converter circuit ADC is electrically
connected to the second terminal of the circuit ACF. That is,
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the circuit ACF in FIG. 5C has a structure in which an analog
voltage of the first terminal of the circuit ACF is converted
into a digital value to be output to the second terminal of the
circuit ACF. Note that in the case where the circuit ACTV in
FIG. 5C is used as the circuit ACTV in FIG. 4A, the number
of wirings NIL electrically connected to the circuit ACTV
preferably depends on the number of bits.

Operation Example of Arithmetic Circuit

Next, an operation example of the arithmetic circuit
MAC1 will be described.

The arithmetic circuit MAC1 here is an arithmetic circuit
MACIA illustrated in FIG. 6 in which the memory cell array
CA in FIG. 2 is used as the memory cell array CA and the
circuit CMS in FIG. 3A is used as the circuit CMS. Note that
FIG. 6 mainly illustrates the memory cell array CA, the
circuit CMS, the circuit XLD, the circuit WLD, and the
circuit INT in the arithmetic circuit MACIA. Although not
illustrated, the circuit ACTV in FIG. 4A is used as the circuit
ACTYV in the arithmetic circuit MACIA in FIG. 6.

FIG. 7 shows a timing chart of an operation example of
the arithmetic circuit MACIA.

The timing chart in FIG. 7 shows changes in the potentials
of the wiring WAL[1], the wiring WAL[m], the wiring
WBLJ[1], the wiring WBL[m], the wiring SL.4, the wiring
SL5, the wiring SL.7, the wiring WAD, the wiring WBD, the
wiring XAL[1], the wiring XAL[m], the wiring XBL[1], the
wiring XBL[m], the node Nx[1], the node Nx[m], the node
Nu[1], the node Nu[m], the node Nw[1], the node Nw[m],
the node Nr[1], and the node Nr[m] at and around Time T01
to Time T13. Note that in FIG. 7, a high-level potential is
denoted by High and a low-level potential is denoted by
Low.

In this operation example, the voltage supplied from the
wiring VR is a ground potential.
<<Before Time T01>>

Before Time T01, the potentials of the node Nx[1] to the
node Nx[m], the node Nu[1] to the node Nu[m], the node
Nw[1] to the node Nw|[m], and the node Nr[1] to the node
Nr[m] are each a ground potential. Note that the ground
potential is denoted by GND in FIG. 15.

A low-level potential is input to each of the wiring WAD
and the wiring WBD from the circuit WDD (not illustrated
in FIG. 6).

A reference potential V. is input to each of the wiring
XAL[1] to the wiring XAL[m] and the wiring XBL[1] to the
wiring XBL[m] from the circuit XLD. Note that V., may
be higher or lower than a ground potential.

A low-level potential is input to each of the wiring
WAL/[1] to the wiring WAL[m] and the wiring WBL[1] to
the wiring WBL[m] from the circuit WLD. Thus, the tran-
sistors M1 included in all of the memory cells AMx, the
memory cells AMu, the memory cells AMw, and the
memory cells AMr in the memory cell array CA are turned
off.

A low-level potential is input to each of the wiring S[.4,
the wiring SL5, and the wiring SL7. Thus, the switch SW4A,
the switch SW5A, the switch SW5B, the switch SW7A, and
the switch SW7B are each turned off.
<<From Time T01 to Time T02>>

During the period from Time T01 to Time T02, a high-
level potential is input to the wiring SL5. Thus, the switch
SW5A and the switch SW5B included in the circuit INT are
each turned on.

When the switch SW5A and the switch SW5B are each
turned on, electrical continuity is established between the
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wiring VSL and each of the wiring BAL and the wiring
BBL, whereby the potential from the wiring VSL is supplied
to each of the wiring BAL and the wiring BBL. Note that in
this operation example, the wiring VSL is a wiring for
supplying an initialization potential to each of the wiring
BAL and the wiring BBL, and the initialization potential is
a ground potential. Thus, during the period from Time T01
to Time T02, the potentials of the wiring BAL and the wiring
BBL are each a ground potential.

A ground potential is supplied from the wiring VR to the
first terminals of the transistors M2 included in all of the
memory cells AMx, the memory cells AMu, the memory
cells AMw, and the memory cells AMr in the memory cell
array CA; hence, the voltage between the first terminal and
the second terminal of each of the transistors M2 is 0 V. In
addition, since the potentials of the node Nx[1] to the node
Nx[m], the node Nu[1] to the node Nu[m], the node Nw[1]
to the node Nw[m], and the node Nr[1] to the node Nr[ml]
are each a ground potential, the transistors M2 are each
turned off.
<<From Time T02 to Time T03>>

During the period from Time T02 to Time T03, a high-
level potential is input to the wiring WAL[1]. Thus, a
high-level potential is applied to the gates of the transistors
M1 included in the memory cell AMx[1] and the memory
cell AMu[1] in the memory cell array CA, whereby the
transistors M1 are each turned on.

Furthermore, during the period from Time T02 to Time
T03, a potential higher than a ground potential by Vyg[1] is
input to the wiring WAD. Since the transistor M1 in the
memory cell AMx[1] is in the on state at this time, electrical
continuity is established between the wiring WAD and the
node Nx[1], and the potential higher than a ground potential
by Vyl1] is input to the first terminal of the capacitor C1
(node Nx[1]) in the memory cell AMx[1].

Moreover, during the period from Time T02 to Time T03,
a potential higher than a ground potential by V,,,,[1] is input
to the wiring WBD. Since the transistor M1 in the memory
cell AMu[l] is in the on state at this time, electrical
continuity is established between the wiring WBD and the
node Nu[1], and the potential higher than a ground potential
by Vyul1] is input to the first terminal of the capacitor C1
(node Nu[1]) in the memory cell AMu[1].

Here, V,,[1] is defined as in the following formula.

[Formula 5]
Vilil = Ve il — Vxpll] 1.1

V[1] is voltage corresponding to the first one among the
m pieces of first data. That is, Vy,,[1] and Vy[1] can each
be regarded as voltage corresponding to the first one among
the m pieces of first data. Note that a combination of the
voltages Vy,,[1] and Vy,g[1] can be freely determined as
long as Formula (1.1) is satisfied. For example, V,,,[1] may
be voltage higher than V,,5[1], lower than V,4[1], or equal
to Vy,g[1]. That is, V,[1] may be a positive voltage, 0, or a
negative voltage.

Note that since the switch SW5A is in the on state, a
ground potential is input to the wiring BAL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in the memory cell AMx[1], so
that the voltage between the first terminal and the second
terminal of the transistor M2 is approximately O V. Thus, no

5

20

25

30

35

40

45

55

60

65

40

current flows between the first terminal and the second
terminal of the transistor M2 in the memory cell AMx[1].

Similarly, since the switch SW5B is in the on state, a
ground potential is input to the wiring BBL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in the memory cell AMu[1], so
that the voltage between the first terminal and the second
terminal of the transistor M2 is also approximately 0 V.
Thus, no current flows between the first terminal and the
second terminal of the transistor M2 in the memory cell
AMu[1].

During the period from Time T02 to Time T03, a low-
level potential has been continuously input to the wiring
WAL[2] to the wiring WAL[m] and the wiring WBL[1] to
the wiring WBL[m] since before Time T02. Thus, a low-
level potential is applied to the gate of the transistor M1
included in each of the memory cell AMx[2] to the memory
cell AMx[m] and the memory cell AMu[2] to the memory
cell AMu[m] arranged in the second row to the m-th row and
the memory cell AMw[1] to the memory cell AMw[m] and
the memory cell AMr[1] to the memory cell AMr[m]
arranged in the m+1-th row to the 2m-th row in the memory
cell array CA, so that the transistors M1 are each turned off.
This prevents the data that has been input to each of the
wiring WAD and the wiring WBD from being written to the
node Nx[2] to the node Nx[m], the node Nu[2] to the node
Nu[m], the node Nw[1] to the node Nw[m], and the node
Nr[1] to the node Nr[m].

<<From Time T03 to Time T04>>

During the period from Time T03 to Time T04, a low-
level potential is input to the wiring WAL[1]. Thus, a
low-level potential is applied to the gates of the transistors
M1 included in the memory cell AMx[1] and the memory
cell AMu[1] in the memory cell array CA, whereby the
transistors M1 are each turned off.

By turning off the transistor M1 in the memory cell
AMZx[1], the potential higher than a ground potential by
Vyplll is retained at the first terminal of the capacitor C1
(node Nx[1]) in the memory cell AMx[1]. Furthermore, by
turning off the transistor M1 in the memory cell AMu[1], the
potential higher than a ground potential by Vy,[1] is
retained at the first terminal of the capacitor C1 (node Nu[1])
in the memory cell AMu[1].

During the period from Time T03 to Time T04, the
voltages V,5[2] to Vy,5[m—1] are sequentially written to the
memory cell AMx[2] to the memory cell AMx[m—1]
arranged in the second row to the m—1-th row in the memory
cell array CA, as in the operation of writing the voltage
Vygll] to the memory cell AMx[1] during the period from
Time T02 to Time T03. Moreover, the voltages V,,[2] to
Violm—1] are written to the memory cell AMu[2] to the
memory cell AMu[m-—1], respectively, arranged in the sec-
ond row to the m—1-th row in the memory cell array CA, as
in the operation of writing the voltages to the memory cell
AMZx[2] to the memory cell AMx[m—1].

At this time, the memory cell AMXx[p] positioned in the
p-th row (p is an integer greater than or equal to 2 and less
than or equal to m—1) retains the voltage V,,5[pl. and the
memory cell AMu[p] retains the voltage V,,,[p]. Here, as in
Formula (1.1), the voltage V,[p] corresponding to the p-th
one among the m pieces of first data is defined as in the
following formula.
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[Formula 6]

Viwlpl = Vo] — Viwglpl 1.2)

V. Ipl is voltage corresponding to the p-th one among the
m pieces of first data. That is, Vy,,[p] and Vy,g[p] can each
be regarded as voltage corresponding to the p-th one among
the m pieces of first data. Note that a combination of the
voltages Vy,,[p] and Vyg[p] can be freely determined as
long as Formula (1.2) is satisfied. For example, V,,[p] may
be voltage higher than V,,5[p], lower than V,4[p], or equal
to Vyg[p]. That is, Vy,[p] may be a positive voltage, 0, or a
negative voltage.
<<From Time T04 to Time T05>>

During the period from Time T04 to Time TO05, a high-
level potential is input to the wiring WAL[m]. Thus, a
high-level potential is applied to the gates of the transistors
M1 included in the memory cell AMx[m] and the memory
cell AMu[m] in the memory cell array CA, whereby the
transistors M1 are each turned on.

Furthermore, during the period from Time T04 to Time
TO05, a potential higher than a ground potential by V,[m]
is input to the wiring WAD. Since the transistor M1 in the
memory cell AMx[m] is in the on state at this time, electrical
continuity is established between the wiring WAD and the
node Nx[m], and the potential higher than a ground potential
by Vyglm] is input to the first terminal of the capacitor C1
(node Nx[m]) in the memory cell AMx[m].

Moreover, during the period from Time T04 to Time T05,
a potential higher than a ground potential by V., [m] is input
to the wiring WBD. Since the transistor M1 in the memory
cell AMu[m] is in the on state at this time, electrical
continuity is established between the wiring WBD and the
node Nu[m], and the potential higher than a ground potential
by Vyo[m] is input to the first terminal of the capacitor C1
(node Nu[m]) in the memory cell AMu[m].

Here, V,,[m] is defined as in the following formmula.

[Formula 7]

Vi[m] = Vwalm] — Vwplm] 1.3)

Vy[m] is voltage corresponding to the m-th one among
the m pieces of first data. That is, V,,[m] and V,5[m] can
each be regarded as voltage corresponding to the m-th one
among the m pieces of first data. Note that a combination of
the voltages Vy,,[m] and V,g[m] can be freely determined
as long as Formula (1.3) is satisfied. For example, V,,[m]
may be voltage higher than V,[m], lower than Vg[m], or
equal to Vyg[m]. That is, V,,[m] may be a positive voltage,
0, or a negative voltage.

Note that since the switch SW5A is in the on state, a
ground potential is input to the wiring BAL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in the memory cell AMx[m],
so that the voltage between the first terminal and the second
terminal of the transistor M2 is approximately O V. Thus, no
current flows between the first terminal and the second
terminal of the transistor M2 in the memory cell AMx[m].

Similarly, since the switch SW5B is in the on state, a
ground potential is input to the wiring BBL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in the memory cell AMu[m],
so that the voltage between the first terminal and the second
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terminal of the transistor M2 is also approximately 0 V.
Thus, no current flows between the first terminal and the
second terminal of the transistor M2 in the memory cell
AMu[m].

During the period from Time T04 to Time T05, a low-
level potential has been continuously input to the wiring
WAL[1] to the wiring WAL[m—1] and the wiring WBL[1] to
the wiring WBL[m] since before Time T04. Thus, a low-
level potential is applied to the gate of the transistor M1
included in each of the memory cell AMx[1] to the memory
cell AMx[m—1] and the memory cell AMu[1] to the memory
cell AMu[m~—1] arranged in the first row to the m—1-th row
and the memory cell AMw[1] to the memory cell AMw[m]
and the memory cell AMr[1] to the memory cell AMr[m]
arranged in the m+1-th row to the 2m-th row in the memory
cell array CA, so that the transistors M1 are each turned off.
This prevents the data that has been input to each of the
wiring WAD and the wiring WBD from being written to the
node Nx[1] to the node Nx[m—1], the node Nu[1] to the node
Nu[m-~—1], the node Nw[1] to the node Nw[m], and the node
Nr[1] to the node Nr[m].
<<From Time T05 to Time T06>>

During the period from Time TO05 to Time T06, a low-
level potential is input to the wiring WAL[m]. Thus, a
low-level potential is applied to the gates of the transistors
M1 included in the memory cell AMx[m] and the memory
cell AMu[m] in the memory cell array CA, whereby the
transistors M1 are each turned off.

By turning off the transistor M1 in the memory cell
AMx[m], the potential higher than a ground potential by
Vyglm] is retained at the first terminal of the capacitor C1
(node Nx[m]) in the memory cell AMx[m]. Furthermore, by
turning off the transistor M1 in the memory cell AMu[m],
the potential higher than a ground potential by V,,[m] is
retained at the first terminal of the capacitor C1 (node Nu[1])
in the memory cell AMu[m].
<<From Time T06 to Time T07>>

During the period from Time T06 to Time T07, a high-
level potential is input to the wiring WBL[1]. Thus, a
high-level potential is applied to the gates of the transistors
M1 included in the memory cell AMw[1] and the memory
cell AMr[1] in the memory cell array CA, whereby the
transistors M1 are each turned on.

Furthermore, during the period from Time T06 to Time
T07, a potential higher than a ground potential by V,,[1] is
input to the wiring WAD. Since the transistor M1 in the
memory cell AMw[1] is in the on state at this time, electrical
continuity is established between the wiring WAD and the
node Nw[1], and the potential higher than a ground potential
by Vyul1] is input to the first terminal of the capacitor C1
(node Nw[1]) in the memory cell AMw[1].

Moreover, during the period from Time T06 to Time T07,
a potential higher than a ground potential by V5[ 1] is input
to the wiring WBD. Since the transistor M1 in the memory
cell AMr[1] is in the on state at this time, electrical conti-
nuity is established between the wiring WBD and the node
Nr[1], and the potential higher than a ground potential by
V[1] is input to the first terminal of the capacitor C1 (node
Nr[1]) in the memory cell AMr{[1].

Note that since the switch SWS5A is in the on state, a
ground potential is input to the wiring BAL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in the memory cell AMw([1], so
that the voltage between the first terminal and the second
terminal of the transistor M2 is approximately 0 V. Thus, no
current flows between the first terminal and the second
terminal of the transistor M2 in the memory cell AMw[1].
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Similarly, since the switch SW5B is in the on state, a
ground potential is input to the wiring BBL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in the memory cell AMr[1], so
that the voltage between the first terminal and the second
terminal of the transistor M2 is also approximately 0 V.
Thus, no current flows between the first terminal and the
second terminal of the transistor M2 in the memory cell
AMr[1].

During the period from Time T06 to Time T07, a low-
level potential has been continuously input to the wiring
WAL[1] to the wiring WAL[m] and the wiring WBL[2] to
the wiring WBL[m] since before Time T06. Thus, a low-
level potential is applied to the gate of the transistor M1
included in each of the memory cell AMx[1] to the memory
cell AMx[m] and the memory cell AMu[1] to the memory
cell AMu[m] arranged in the first row to the m-th row and
the memory cell AMw][2] to the memory cell AMw[m] and
the memory cell AMr[2] to the memory cell AMr[m]
arranged in the m+2-th row to the 2m-th row in the memory
cell array CA, so that the transistors M1 are each turned off.
This prevents the data that has been input to each of the
wiring WAD and the wiring WBD from being written to the
node Nx[1] to the node Nx[m], the node Nu[1] to the node
Nu[m], the node Nw[2] to the node Nw[m], and the node
Nr|[2] to the node Nr[m].
<<From Time TO07 to Time T08>>

During the period from Time T07 to Time T08, a low-
level potential is input to the wiring WBL[1]. Thus, a
low-level potential is applied to the gates of the transistors
M1 included in the memory cell AMw|[1] and the memory
cell AMr[1] in the memory cell array CA, whereby the
transistors M1 are each turned off.

By turning off the transistor M1 in the memory cell
AMw][1], a potential higher than a ground potential by
Viall] is retained at the first terminal of the capacitor C1
(node Nw[1]) in the memory cell AMw][1]. Furthermore, by
turning off the transistor M1 in the memory cell AMr[1], a
potential higher than a ground potential by V.[1] is
retained at the first terminal of the capacitor C1 (node Nr|[1])
in the memory cell AMr[1].

During the period from Time T07 to Time TO08, the
voltages V. [2] to V5 [m—-1] are sequentially written to the
memory cell AMw[2] to the memory cell AMw[m-1]
arranged in the m+2-th row to the 2m-1-th row in the
memory cell array CA, as in the operation of writing the
voltage V[1] to the memory cell AMw[1] during the
period from Time T06 to Time T07. Moreover, the voltages
Vypl2] to Vye[m=1] are written to the memory cell AMr[2]
to the memory cell AMr[m-1], respectively, arranged in the
2m+2-th row to the 2m-1-th row in the memory cell array
CA, as in the operation of writing the voltages to the
memory cell AMw[2] to the memory cell AMw[m-1].
<<From Time T08 to Time T09>>

During the period from Time T08 to Time T09, a high-
level potential is input to the wiring WBL[m]. Thus, a
high-level potential is applied to the gates of the transistors
M1 included in the memory cell AMw[m] and the memory
cell AMr[m]| in the memory cell array CA, whereby the
transistors M1 are each turned on.

Furthermore, during the period from Time T08 to Time
T09, a potential higher than a ground potential by V,,,[m]
is input to the wiring WAD. Since the transistor M1 in the
memory cell AMw[m] is in the on state at this time,
electrical continuity is established between the wiring WAD
and the node Nw[m], and the potential higher than a ground
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potential by Vy, [m] is input to the first terminal of the
capacitor C1 (node Nw[m]) in the memory cell AMw[m].

Moreover, during the period from Time T08 to Time T09,
a potential higher than a ground potential by V,5[m] is input
to the wiring WBD. Since the transistor M1 in the memory
cell AMr[m] is in the on state at this time, electrical
continuity is established between the wiring WBD and the
node Nr[m], and the potential higher than a ground potential
by Vyp[m] is input to the first terminal of the capacitor C1
(node Nr[m]) in the memory cell AMr[m)].

Note that since the switch SW5A is in the on state, a
ground potential is input to the wiring BAL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in the memory cell AMw[m],
so that the voltage between the first terminal and the second
terminal of the transistor M2 is approximately 0 V. Thus, no
current flows between the first terminal and the second
terminal of the transistor M2 in the memory cell AMw[m].

Similarly, since the switch SW5B is in the on state, a
ground potential is input to the wiring BBL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in the memory cell AMr[m], so
that the voltage between the first terminal and the second
terminal of the transistor M2 is also approximately 0 V.
Thus, no current flows between the first terminal and the
second terminal of the transistor M2 in the memory cell
AMr[m].

During the period from Time T08 to Time T09, a low-
level potential has been continuously input to the wiring
WAL/[1] to the wiring WAL[m] and the wiring WBL[1] to
the wiring WBL[m-1] since before Time T08. Thus, a
low-level potential is applied to the gate of the transistor M1
included in each of the memory cell AMx[1] to the memory
cell AMx[m] and the memory cell AMu[1] to the memory
cell AMu|m] arranged in the first row to the m-th row and
the memory cell AMw[1] to the memory cell AMw[m-1]
and the memory cell AMr[1] to the memory cell AMr[m-1]
arranged in the m+1-th row to the 2m-1-th row in the
memory cell array CA, so that the transistors M1 are each
turned off. This prevents the data that has been input to each
of the wiring WAD and the wiring WBD from being written
to the node Nx[1] to the node Nx[m], the node Nu[1] to the
node Nu[m], the node Nw[1] to the node Nw[m-1], and the
node Nr[1] to the node Nr[m-1].
<<From Time T09 to Time T10>>

During the period from Time T09 to Time T10, a low-
level potential is input to the wiring WBL[m]. Thus, a
low-level potential is applied to the gates of the transistors
M1 included in the memory cell AMw|m] and the memory
cell AMr[m]| in the memory cell array CA, whereby the
transistors M1 are each turned off.

By turning off the transistor M1 in the memory cell
AMw[m], a potential higher than a ground potential by
V5 [m] is retained at the first terminal of the capacitor C1
(node Nw[m]) in the memory cell AMw[m]. Furthermore,
by turning off the transistor M1 in the memory cell AMr[m],
a potential higher than a ground potential by V,[m] is
retained at the first terminal of the capacitor C1 (node Nr[m)
in the memory cell AMr[m].

By the operation from Time T01 to Time T10, the voltage
corresponding to the first data can be written to each of the
memory cells AMx, the memory cells AMu, the memory
cells AMw, and the memory cells AMr included in the
memory cell array CA.
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<<From Time T10 to Time T11>>

During the period from Time T10 to Time T11, a low-
level potential is input to the wiring SL5. Thus, the switch
SWS5A and the switch SW5B in the circuit INT are each
turned off.
<<From Time T11 to Time T12>>

During the period from Time T11 to Time T12, potentials
corresponding to the m pieces of second data are input to the
wiring XAL[1] to the wiring XAL[m]. Here, for example, a
potential input from the circuit XL.D to the wiring XAL[1]
is higher than a ground potential by V,[1], a potential input
from the circuit XLD to the wiring XAL[p] is higher than a
ground potential by V. [p], and a potential input from the
circuit XL.D to the wiring XAL[m] is higher than a ground
potential by V. [m].

The potential of the wiring XAL[1] increases from a
ground potential to V,[1]; thus, V,,[1] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMx[1] and the memory cell AMu[1]. Since the node
Nx[1] and the node Nu[1] are each in an electrically floating
state at this time, the potentials of the node Nx[1] and the
node Nu[1] are each changed by capacitive coupling of the
capacitor C1.

In each of the memory cell AMx[1] and the memory cell
AMu[1], the amount of increase in the gate potential of the
transistor M2 is a potential obtained by multiplying a change
in the potential of the wiring XAL[1] by a capacitive
coupling coefficient determined by the memory cell struc-
ture. The capacitive coupling coefficient is calculated using
the capacitance of the capacitor C1, the gate capacitance of
the transistor M2, the parasitic capacitance, and the like. In
this operation example, the capacitive coupling coefficient
of each of the memory cell AMx and the memory cell AMu
is set to h.

Thus, when a change in the potential of the wiring
XAL[1] is V4, [1]. a change in the potential of each of the
node Nx[1] and the node Nu[l] is hV,[1]. That is, the
potential of the node Nx[1] is Vys[1]+hV[1], and the
potential of the node Nu[1] is V,,,[1]1+hV . [1].

In this operation example, the capacitive coupling coef-
ficient in the memory cells included in the memory cell array
CA other than the memory cell AMx[1] and the memory cell
AMu[1] is described as h.

The potential of the wiring XAL[p] increases from a
ground potential to V. [pl; thus, Vy,[p] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMx[p] and the memory cell AMu[p]. Since the node
Nx[p] and the node Nu[p] are each in an electrically floating
state at this time, the potentials of the node Nx[p] and the
node Nu[p] are each changed by capacitive coupling of the
capacitor C1. Specifically, the potential of the node Nx[p] is
Vuplpl+hVyo[pl, and the potential of the node Nu[p] is
Vel PV o [Pl

The potential of the wiring XAL[m] increases from a
ground potential to V,,[m]; thus, V,[m] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMx[m] and the memory cell AMu[m]. Since the node
Nx[m] and the node Nu[m] are each in an electrically
floating state at this time, the potentials of the node Nx[m]
and the node Nu[m] are each changed by capacitive cou-
pling of the capacitor C1. Specifically, the potential of the
node Nx[m] is V[m]+hV,,[m], and the potential of the
node Nu[m] is V, [m]+hV, [m].

During the period from Time T11 to Time T12, the
potentials corresponding to the m pieces of second data are
input to the wiring XBL[1] to the wiring XBL[m]. Here, for
example, a potential input from the circuit XLD to the
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wiring XBL[1] is higher than a ground potential by Vg[1],
a potential input from the circuit XLD to the wiring XBL[p]
is higher than a ground potential by Vg[p], and a potential
input from the circuit XL.D to the wiring XBL[m] is higher
than a ground potential by Vys[m].

The potential of the wiring XBL[1] increases from a
ground potential to V,g[1]; thus, Vyg[1] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMw[1] and the memory cell AMr[1]. Since the node
Nw[1] and the node Nr[1] are each in an electrically floating
state at this time, the potentials of the node Nw[1] and the
node Nr[1] are each changed by capacitive coupling of the
capacitor C1.

Note that in this operation example, the capacitive cou-
pling coefficient of each of the memory cell AMw and the
memory cell AMr included in the memory cell array CA is
described as h, as in the memory cell AMx and the memory
cell AMu.

Thus, when a change in the potential of the wiring
XBL[1] is Vyg[1], a change in the potential of each of the
node Nw[1] and the node Nr[1] is hV,g[1]. That is, the
potential of the node Nw[1] is V,,[1]+hV,4[1], and the
potential of the node Nr[1] is Vya[1]1+hVyg[1].

The potential of the wiring XBL[p] increases from a
ground potential to V,g[p]; thus, Vyg[p] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMw([p] and the memory cell AMr[p]. Since the node
Nw|[p] and the node Nr[p] are each in an electrically floating
state at this time, the potentials of the node Nw[p] and the
node Nr[p] are each changed by capacitive coupling of the
capacitor C1. Specifically, the potential of the node Nw[p] is
Vo PHhVglpl, and the potential of the node Nr[p] is
ng[p]+hVXB[P]~

The potential of the wiring XBL[m] increases from a
ground potential to Vg[m]; thus, V,g[m] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMw[m] and the memory cell AMr[m]. Since the node
Nw[m] and the node Nr[m] are each in an electrically
floating state at this time, the potentials of the node Nw[m]
and the node Nr[m] are each changed by capacitive coupling
of the capacitor C1. Specifically, the potential of the node
Nw[m] is Vy,,[m]+hV,g[m], and the potential of the node
Nu[m] is Vyg[m]+hVs[m].

Here, V,[1], V4[pl. and V,[m] are defined as in the
following formulae.

[Formulae 8]

Vx[l] = Vxa[1] = Vxpll] 1.4)

Vxlpl = Vxalpl = Vxplpl (1.5

Vi[m] = Vya[m] = Vyplm] (1.6)

Each of V,[1] to V,[m] is voltage corresponding to the
second data. That is, Vy,[1] to Vy,[m] and V4[1] to
Vyplm] can each be regarded as voltage corresponding to
the second data. Note that a combination of the voltages
Vxali] and Vygli] can be freely determined as long as
Formula (1.4) to Formula (1.6) are satisfied. For example,
V xali] may be voltage higher than V yg[i], lower than V yg]i],
or equal to Vg[i]. That is, V[i] may be a positive voltage,
0, or a negative voltage.
<<From Time T12 to Time T13>>

During the period from Time T12 to Time T13, a high-
level potential is input to the wiring SL4 and the wiring SL7.
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Thus, the switch SW7A and the switch SW7B in the circuit
CMS and the switch SW4A in the circuit ACTV are each
turned on.

At this time, electrical continuity is established between
the second terminal of the transistor M2 included in each of
the memory cell AMx[1] to the memory cell AMx[m] and
the memory cell AMw[1] to the memory cell AMw[m] and
the first terminal of the transistor M3A included in the circuit
CM through the wiring BAL. In addition, electrical conti-
nuity is established between the second terminal of the
transistor M2 included in each of the memory cell AMx[1]
to the memory cell AMx[m] and the memory cell AMw[1]
to the memory cell AMw[m] and the first terminal of the
circuit IVC included in the circuit ACTV through the wiring
BAL. Moreover, electrical continuity is established between
the second terminal of the transistor M2 included in each of
the memory cell AMu[1] to the memory cell AMu[m] and
the memory cell AMr[1] to the memory cell AMr[m] and the
first terminal of the transistor M3B included in the circuit
CM through the wiring BBL.

Here, current flowing from the second terminal to the first
terminal of the transistor M2 in each of the memory cells
AMEX, the memory cells AMu, the memory cells AMw, and
the memory cells AMr is considered.

Assuming that current flowing from the wiring BAL to the
first terminal of the transistor M2 in the memory cell
AMx[1] through its second terminal is I, 5;,111» Lipze[17 €an be
expressed by the following formula.

[Formula 9]

L) = k(Vwpl1] + hVxo[1] = Vi .7

Note that k is a constant determined by the channel length,
the channel width, the mobility, the capacitance of a gate
insulating film, and the like of the transistor M2. Further-
more, V, is the threshold voltage of the transistor M2. Note
that the constant k can be applied not only to the memory
cells AMx but also to the memory cells AMu, the memory
cells AMw, and the memory cells AMr. In addition, the
threshold voltage of the transistor M2 of not only the
memory cells AMx but also the memory cells AMu, the
memory cells AMw, and the memory cells AMr is denoted
as 'V,

Assuming that current flowing from the wiring BAL to the
first terminal of the transistor M2 in the memory cell
AMx[m] through its second terminal iS Ly s/ (n1» Lapsepmy €an
be expressed by the following formula.

[Formula 10]

Lisggm) = k(Viglm] + hVxo[m] = Vi Y 1.8)

That is, assuming that the total amount of current flowing
from the wiring BAL to the second terminals of the tran-
sistors M2 in the memory cell AMx[1] to the memory cell
AMx[m] is L, L, can be expressed by the following formula
according to Formula (1.7) and Formula (1.8).
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[Formula 11]

m (1.9
Lo=kY (Vwplil + W xolil = Vi)
i=1

Similarly, assuming that current flowing from the wiring
BAL to the first terminal of the transistor M2 in the memory
cell AMw[1] through its second terminal is L,,,;;; and
current flowing from the wiring BAL to the first terminal of
the transistor M2 in the memory cell AMw[m] through its
second terminal is L,y im0 Liasery @0d Ligzpny can be
expressed by the following formulae.

[Formulae 12]

Loswn) = k(Vra 1] + hVxp[1] = Vi) (1.10)

Lissim) = k(Viralm) + hVxplm] — Vi) (111

That is, assuming that the total amount of current flowing
from the wiring BAL to the second terminals of the tran-
sistors M2 in the memory cell AMw[1] to the memory cell
AMw([m]is L, I, can be expressed by the following formula
according to Formula (1.10) and Formula (1.11).

[Formula 13]

” (1.12)
Lo =k (Fwelil + hVagli] - Vn)?
i=1

Similarly, assuming that current flowing from the wiring
BBL to the first terminal of the transistor M2 in the memory
cell AMu[1] through its second terminal is L,,,;,; and
current flowing from the wiring BBL to the first terminal of
the transistor M2 in the memory cell AMu[m] through its
second terminal is L,y Laasgay @0d Ly, can be
expressed by the following formulae.

[Formulae 14]

L) = k(Vwa[1]+ hVxo[1] = Vi )? (1.13)

Lissapm) = k(Yo m] + h Vo [m] — Vi) (1.14)

That is, assuming that the total amount of current flowing
from the wiring BBL to the second terminals of the transis-
tors M2 in the memory cell AMu[l] to the memory cell
AMu[m] is I, [, can be expressed by the following formula
according to Formula (1.13) and Formula (1.14).

[Formula 15]

” (1.15)
L=k (Vialil + hVxali) = V)
=1

Similarly, assuming that current flowing from the wiring
BBL to the first terminal of the transistor M2 in the memory
cell AMr([1] through its second terminal is I,,, ., and
current flowing from the wiring BBL to the first terminal of
the transistor M2 in the memory cell AMr[m] through its
second terminal is L,y;np> Lipsy @0d Ly, can be
expressed by the following formulae.
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[Formulae 16]

Luswrpny = k(Vwrpl1] + 0V xg[1] = Vi) (1.16)

L) = k(Vwglm] + hVxglm] — Vi) 117

That is, assuming that the total amount of current flowing
from the wiring BBL to the second terminals of the transis-
tors M2 in the memory cell AMr[1] to the memory cell
AMr[m] is L, I, can be expressed by the following formula
according to Formula (1.16) and Formula (1.17).

[Formula 17]

” (1.18)
L =k (Vglil + hViplil = Vi ?
i=1

During the period from Time T12 to Time T13, the switch
SW7B included in the circuit CMS is in the on state and the
switch SW5B included in the circuit INT is in the off state;
thus, cwrrent with the total amount [ +I. flowing to the
memory cell AMu[1] to the memory cell AMu[m] and the
memory cell AMr[1] to the memory cell AMr[m] through
the wiring BBL flows from the wiring VHE through the first
terminal of the transistor M3B. At this time, the voltage of
the first terminal (gate) of the transistor M3B is voltage
corresponding to the current amount [ +1 .

Since the circuit CM is the current mirror circuit, the
amount of current flowing between the first terminal and the
second terminal of the transistor M3B is substantially equal
to the amount of current flowing between the first terminal
and the second terminal of the transistor M3A. During the
period from Time T12 to Time T13, the switch SW7A
included in the circuit CMS is in the on state; thus, the
amount of current flowing from the wiring VHE to the
wiring BAL through the transistor M3B is I +..

In addition, since the switch SW5B included in the circuit
INT is in the off state and the switch SW4A included in the
circuit ACTV is in the on state, current flows from the wiring
BAL to the first terminal of the circuit IVC included in the
circuit ACTV through the switch SW4A. Assuming that the
amount of the current is Iy, [z can be expressed by the
following formula.

[Formula 18]

Iy =l,+1 -1~ 1, (1.19)

Formula (1.19) can be expressed by the following formula
with the use of Formula (1.1) to Formula (1.6), Formula
(1.9), Formula (1.12), Formula (1.15), and Formula (1.18).

[Formula 19]

” (1.20)
Igy = thZ(VWa [{] = VwpliD(Vxelil = Vxplil)
i=1

= 2hkz Vi liVxli]

=1

According to Formula (1.20), the amount [, of current
input from the wiring BAL to the circuit ACTV is propor-
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tional to the product-sum of the potentials V[1] to V,,[m]
corresponding to the first data and the potentials V,[1] to
V[m] corresponding to the second data. That is, the prod-
uct-sum of the first data and the second data can be
expressed as the amount I, of current.

The current with [, flowing through the first terminal of
the circuit IVC included in the circuit ACTV enables voltage
corresponding to [, to be output to the third terminal of the
circuit IVC. After that, the voltage is input to the first
terminal of the circuit ACF to be used for an arithmetic
operation of a function system defined in advance by the
circuit ACF, so that the arithmetic operation result is output
as voltage (or current, for example) from the wiring NIL.

Formula (1.1) to Formmla (1.3) can each be modified into
Vivali]=Vyglil+Vy,[i]. That is, the memory cell AMul[i] and
the memory cell AMw([i] retain V,5[i]+V,[i]. Since Vyg(i]
can be a given voltage, Vg[1] to Vy5[m] may be the same
voltage. Assuming that each of Vyg[1] to Vyg[m] is Vg,
for example, the memory cell AMXx[i] retains Vg, the
memory cell AMul[i] retains Vpx+V,,[i], the memory cell
AMw[i] retains Vpx+V[i], and the memory cell AMrli]
retains Vp. When each of Vy[1] to Vyg[m] is Ve in this
manner, the arithmetic operation of Formula (1.20) can be
performed similarly by retaining voltage obtained by addi-
tion of the voltage corresponding to the first data to the
reference voltage V., in the memory cell AMu and the
memory cell AMw and by retaining the reference voltage in
the memory cell AMx and the memory cell AMr.

Formula (1.4) to Formula (1.6) can each be modified into
Vxalil=Vxglil+V«[i]. That is, during the period from Time
T11 to Time T12, V,glil+V,lil is input to the wiring
XALi]. Since Vyg[i] can be a given voltage, Vyg[l] to
Vyplm] may be the same voltage. Assuming that each of
Vypll] to Vyp[m] is Vgpp, for example, Vgpp+V,[i] is input
to the wiring XAL[i], and Vyzp is input to the wiring
XBL[i]. When each of Vg[1] to Vyg[m] is Vggp in this
manner, the arithmetic operation of Formula (1.20) can be
performed similarly by inputting voltage obtained by addi-
tion of the voltage corresponding to the second data to the
reference voltage Vg.p to the wiring XAL and by inputting
the reference voltage to the wiring XBL.

Structure Example 2 of Semiconductor Device

Described here is a semiconductor device that is capable
of performing a product-sum operation of the plurality of
pieces of first data and the plurality of pieces of second data
and is different from the arithmetic circuit MAC1 in FIG. 1.

Like the arithmetic circuit MAC1 in FIG. 1, an arithmetic
circuit MAC2 in FIG. 8 is an example of a semiconductor
device capable of performing a product-sum operation of the
plurality of pieces of first data and the plurality of pieces of
second data. Note that the arithmetic circuit MAC2 is
different from the arithmetic circuit MAC1 in the circuit
structure of the circuit CMS and in that the wiring BBL is
electrically connected to the circuit ACTV.

The circuit CMS included in the arithmetic circuit MAC2
includes a current source CSA and a current source CSB. An
input terminal of the current source CSA is electrically
connected to the wiring VHE, and an output terminal of the
current source CSA is electrically connected to the wiring
BAL. An input terminal of the current source CSB is
electrically connected to the wiring VHE, and an output
terminal of the current source CSB is electrically connected
to the wiring BBL.

Note that the circuit CMS that is included in the arithmetic
circuit MAC2 and has the above-described circuit structure
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does not have a function of the current mirror circuit
illustrated in FIG. 3A and FIG. 3B.

The wiring VHE can be a wiring for supplying a constant
voltage as in the description of the circuit CMS in FIG. 3A
and FIG. 3B, for example. The constant voltage is preferably
a high-level potential, for example.

The current source CSA and the current source CSB each
have a function of outputting a constant current to the output
terminal when a power supply potential is input to the input
terminal. Note that the amount of current output to the
output terminal of the current source CSA is preferably
equal to the amount of current output to the output terminal
of the current source CSB. Specifically, the amount of
current flowing from the output terminal of the current
source CSA to the wiring BAL is preferably greater than or
equal to 0.85 times, greater than or equal to 0.9 times, or
greater than or equal to 0.95 times and less than or equal to
1.05 times, less than or equal to 1.1 times, or less than or
equal to 1.15 times the amount of current flowing from the
output terminal of the current source CSB to the wiring
BBL. Note that the above-described lower limits and upper
limits can be combined with each other.

As described above, the wiring BBL is electrically con-
nected to the circuit ACTV. The circuit ACTV in FIG. 8
preferably has a function of outputting voltage correspond-
ing to the amount of current, which is the difference between
current flowing from the wiring BAL to the circuit ACTV
and current flowing from the wiring BBL to the circuit
ACTYV, a function of performing an arithmetic operation
according to a function system defined in advance using the
voltage, and a function of outputting the result of the
arithmetic operation of the function to the wiring NIL, for
example.

Specifically, the circuit ACTV included in the arithmetic
circuit MAC2 in FIG. 8 can be the circuit ACTV illustrated
in FIG. 9, for example. The circuit ACTV illustrated in FIG.
9 includes the circuit ACP, and the circuit ACP includes the
switch SW4A, the switch SW4B, the circuit IVC, and the
circuit ACF.

The circuit IVC in FIG. 9 has the same circuit structure as
that of the circuit IVC included in the circuit ACTV in FIG.
4C, which includes the operational amplifier OP, the load
LEA, and the load LEB. Thus, for the description of the
circuit IVC in FIG. 9, refer to the description of the circuit
IVC in FIG. 4C.

The circuit ACF in FIG. 9 can be a circuit similar to the
circuit ACF included in the circuit ACTV described with
reference to FIG. 4A to FIG. 4C, for example. Thus, the
circuit ACF in FIG. 9 can have a function of performing an
arithmetic operation according to a defined function system
on the basis of the voltage input to the first terminal, and a
function of outputting the result of the arithmetic operation
of the function system to the second terminal of the circuit
ACF (wiring NIL), like the circuit ACF in FIG. 4A to FIG.
4C.

The first terminal of the switch SW4A is electrically
connected to the wiring BAL, and the second terminal of the
switch SW4A is electrically connected to the inverting input
terminal of the operational amplifier OP and the first termi-
nal of the load LEA through the first terminal of the circuit
IVC. The first terminal of the circuit ACF is electrically
connected to the output terminal of the operational amplifier
OP and the second terminal of the load LEA through the
second terminal of the circuit IVC. The first terminal of the
switch SW4B is electrically connected to the wiring BBL,
and the second terminal of the switch SW4B is electrically
connected to the non-inverting input terminal of the opera-
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tional amplifier OP and the first terminal of the load LEB
through the third terminal of the circuit IVC. The control
terminals of the switch SW4A and the switch SW4B are
electrically connected to the wiring SL.4.

As the switch SW4B, a switch that can be used as the
switch SW4A, the switch SW5A, and the switch SW5B can
be used, for example.

When a high-level potential is input to the wiring SL.4 to
turn on each of the switch SW4A and the switch SW4B, for
example, the circuit ACTV in FIG. 9 can supply current
from the wiring BAL to the first terminal of the circuit IVC
and can supply current from the wiring BBL to the third
terminal of the circuit IVC.

Assuming that the amount of current supplied from the
current source CSA and the current source CSB respectively
to the wiring BAL and the wiring BBL is I, the total
amount of current flowing from the wiring BAL to the
memory cell AMx[1] to the memory cell AMx[m] is L, and
the total amount of current flowing from the wiring BAL to
the memory cell AMw][1] to the memory cell AMw[m] is [,
in the arithmetic circuit MAC2 in FIG. 8, for example, the
amount of current flowing from the wiring BAL to the first
terminal of the circuit IVC is [ .s~L ~1,,. In addition, assum-
ing that the total amount of current flowing from the wiring
BBL to the memory cell AMu[l] to the memory cell
AMu[m] is I, and the total amount of current flowing from
the wiring BBL to the memory cell AMr[1] to the memory
cell AMr[m] is I,, the amount of current flowing from the
wiring BBL to the third terminal of the circuit IVC is
Ies-1,-1,.

In the case where the circuit IVC in FIG. 9 is a subtraction
circuit (e.g., in the case where the load LEA and the load
LEB are resistors), the second terminal of the circuit IVC
outputs voltage corresponding to the difference (-1, -1 +L +
1,,) between the amount of current input to the first terminal
of'the circuit IVC and the amount of current input to the third
terminal of the circuit IVC. The current amount correspond-
ing to the difference depends on the sum of products of the
plurality of pieces of first data and the plurality of pieces of
second data according to Formula (1.19) and Formula
(1.20); thus, voltage output from the second terminal of the
circuit IVC can be regarded as voltage corresponding to the
result of the sum of products of the plurality of pieces of first
data and the plurality of pieces of second data.

After that, the voltage is input to the first terminal of the
circuit ACF to be used for an arithmetic operation of a
function system defined in advance by the circuit ACF, so
that the arithmetic operation result is output as voltage (or
current, for example) from the wiring NIL.

Structure Example 3 of Semiconductor Device

Described next is a semiconductor device that is capable
of performing a product-sum operation of the plurality of
pieces of first data and the plurality of pieces of second data
and is different from the arithmetic circuit MAC1 in FIG. 1
and the arithmetic circuit MAC2 in FIG. 8.

Like the arithmetic circuit MAC1 and the arithmetic
circuit MAC2, an arithmetic circuit MAC3 in FIG. 10 is an
example of a semiconductor device capable of performing a
product-sum operation of the plurality of pieces of first data
and the plurality of pieces of second data. The arithmetic
circuit MAC3 is a modification example of the arithmetic
circuit MAC1, and is different from the arithmetic circuit
MAC1 in the number of memory cells AMw included in the
circuit CSW and the number of memory cells AMr included
in the circuit CSR.
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For example, in the arithmetic circuit MAC3, the number
of memory cells AMw included in the circuit CSW can be
g (g is an integer greater than or equal to 1 and is not m), and
the number of memory cells AMr included in the circuit
CSR can be g. Thus, the numbers of wirings XBL and
wirings WBL. are each g.

First, the case where g is greater than or equal to 1 and less
than m is described.

The voltages corresponding to the plurality of pieces of
first data are set to V,[1] to V,[m], and V,,[1] to V,,[m]
and Vys[1] to Vy5[m] are defined such that Formula (1.1)
to Formula (1.3) are satisfied. In addition, the memory cell
AMw[1] to the memory cell AMw[m] and the memory cell
AMu[1] to the memory cell AMu[m] retain the respective
voltages V,,[1] to Vy,,[m], and the memory cell AMx[1] to
the memory cell AMx[m] and the memory cell AMr[1] to the
memory cell AMr[m] retain the respective voltages V(1]
to Vyg[m].

Here, the case where the amount of potential change in the
wiring XBL[1] to the wiring XBL[m] is small, e.g., the case
where Vg[1] to Vys[m] are each 0 V, during the period from
Time T11 to Time T12 in the timing chart in FIG. 7 is
considered. Note that, for example, according to Formula
(1.10) and Formula (1.11), current L, ., [i] flowing from the
wiring BAL to the memory cell AMw[i] is L, [i1=k(V
[i]-V,,)?, and according to Formula (1.16) and Formula
(1.17), current L,,,,[i] flowing from the wiring BBL to the
memory cell AMr[i] is [ AM,[i]:k(VWB[i]—Vth)z. In the case
where V,, [i]=V o [i]-V yli] is close to 0 at this time, L, ,,,,[i]
and L,,,,[i] can be regarded as having substantially the same
current amounts. Since L,,,[i], which is part of current
flowing through the wiring BBL, is part of current supplied
from the circuit CMS to the wiring BAL, 1,,,.[i], which is
part of the current supplied from the circuit CMS, and
Lysn.l1] flowing to the memory cell AMw][i] are canceled in
the wiring BAL.

To put it differently, in the case where the difference
between the voltage V,,,[i] and the voltage V,g[i] respec-
tively written to the memory cell AMw([i] and the memory
cell AMr[i] is known to be close to 0 in advance, V,[i] and
Vyglil are not necessarily written respectively to the
memory cell AMw/[i] and the memory cell AMr[i]. This can
reduce the number of memory cells AMw included in the
circuit CSW and the number of memory cells AMr included
in the circuit CSR, which can reduce power consumption
required for the memory cells AMw included in the circuit
CSW and the memory cells AMr included in the circuit CSR.

Assuming that the amount of change in the potential of the
wiring XAL[i] is V,[i] (=V[i]) during the period from
Time T11 to Time T12 in the timing chart in FIG. 7, the
amount of cwrrent flowing from the wiring BAL to the
memory cell AMx[i] is I, Mx[i]:k(VWB[i]+hVXa[i]—V,h)2,
and the amount of current flowing from the wiring BBL to
the memory cell AMu[i] is L, [1]=k(Vy[i]+hVy,,
[i]-V,,)*. The difference in current amount between I, ,, [i]
and I,,,,[i] sometimes becomes larger with a higher value of
Vyolil; thus, voltage corresponding to the first data is
preferably written to each of the memory cell AMx[i] and
the memory cell AMu[i], unlike in the memory cell AMw[i]
and the memory cell AMrf[i].

Next, the case where g is greater than m, e.g., the case of
g=m+1, is described.

The voltages corresponding to the plurality of pieces of
first data are set to V,[1] to V,[m], and V,,[1] to V,,[m]
and Vys[1] to Vy5[m] are defined such that Formula (1.1)
to Formula (1.3) are satisfied. In addition, the memory cell
AMw[1] to the memory cell AMw[m] and the memory cell
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AMu[1] to the memory cell AMu[m] retain the respective
voltages V,,,[1] to V,,,[m], and the memory cell AMx[1] to
the memory cell AMx[m] and the memory cell AMr[1] to the
memory cell AMr[m] retain the respective voltages V(1]
to VWB[m].

Furthermore, a given voltage V,, is written to the memory
cell AMr[m+1], and a ground potential is written to the
memory cell AMw[m+1]. In addition, during the period
from Time T11 to Time T12 in the timing chart in FIG. 7, the
voltage of the wiring XBL[m+1] does not change. In that
case, assuming that current flowing from the wiring BBL to
the memory cell AMr[m+1] during the period from Time
T12 to Time T13 in the timing chart in FIG. 15 is [,, I, and
the amount I, of current flowing from the wiring BAL to
the circuit ACTV are expressed as in the following formulae.

[Formulae 20]

m (121
L=k (o= V)
i=1

n (1.22)
Igy =20k ) ValilVxli] + 1,
i=1

Formula (1.22) corresponds to a formula in which a given
value is added to the product-sum result. This can be used
for calculation or the like in which a bias as a given value
is added to the result of a product-sum operation of a weight
coefficient and a signal of a neuron in an arithmetic opera-
tion in a hierarchical neural network, for example.

Although the case where the given voltage V, is written
to the memory cell AMr[m+1] and a ground potential is
written to the memory cell AMw[m+1] is described above,
a ground potential may be written to the memory cell
AMr[m+1] and the given voltage V, may be written to the
memory cell AMw[m+1]. In that case, current with the
amount [, flows from the wiring BAL to the memory cell
AMw[m+1]; thus, the amount [, of current flowing from
the wiring BAL to the circuit ACTV is a value obtained by
replacing I, in Formula (1.21) with —I,. That is, a given
value added to a product-sum result can be a negative value.

Omitting the writing of the voltages Vy,,[i] and Vil
with a difference of close to 0 and adding a given value to
a product-sum operation result can be concurrently per-
formed. At this time, the value of g corresponding to the
number of rows in the memory cell array CA may be greater
than or equal to 1 and less than m, and g may be greater than
m.

In addition, the value of g may be m. In that case, when
the difference between the voltage V,,,[i] and the voltage
Vli] respectively written to the memory cell AMw[i] and
the memory cell AMr[i] is known to be close to 0 in advance
in the arithmetic circuit MAC1 in FIG. 1, for example, the
given voltage V, is written to one of the memory cell
AMw[i] and the memory cell AMi[i] and a ground potential
is written to the other of the memory cell AMw[i] and the
memory cell AMr(i] instead of writing V,,[i] and Vyg[i]
respectively to the memory cell AMw[i] and the memory
cell AMr[i], whereby omitting the writing of the voltages
Volil and V(i) with a difference of close to 0 and adding
a given value to a product-sum operation result can be
concurrently performed.

Note that the semiconductor device of one embodiment of
the present invention is not limited to the arithmetic circuit
MACT1 to the arithmetic circuit MAC3 and the like described
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in this embodiment. For example, in the case where a
plurality of product-sum operations are performed at the
same time using the same second data, an arithmetic circuit
MAC4 illustrated in FIG. 11 can be used. The arithmetic
circuit MAC4 has a structure in which n memory cell arrays
CA (n is an integer greater than or equal to 1) in the
arithmetic circuit MAC1 in FIG. 1 are provided for every
column.

FIG. 11 illustrates a memory cell array CA[1] to a
memory cell array CA[n], and the memory cell array CA[1]
to the memory cell array CA[n] are collectively referred to
as a memory cell array CAS. Since the arithmetic circuit
MAC4 includes the n memory cell arrays CA, the circuit
CMS includes a circuit CM[1] to a circuit CM[n] as n
circuits CM, the circuit INT includes a circuit SCI[1] to a
circuit SCI[n] as n circuits SCI, and the circuit ACTV
includes a circuit ACP[1] to a circuit ACP[n] as n circuits
ACP in FIG. 11. The arithmetic circuit MAC4 includes a
wiring BAL[1] to a wiring BAL[n] corresponding to the
wiring BAL in the arithmetic circuit MACI1, a wiring
BBL[1] to a wiring BBL[n] corresponding to the wiring
BBL in the arithmetic circuit MAC1, a wiring WAD[1] to a
wiring WAD[n] corresponding to the wiring WAD in the
arithmetic circuit MAC1, a wiring WBD[1] to a wiring
WBD|n] corresponding to the wiring WBD in the arithmetic
circuit MAC1, and a wiring NIL[1] to a wiring NIL[n]
corresponding to the wiring NIL in the arithmetic circuit
MACI.

The memory cell array CA[1] is electrically connected to
the wiring BAL[1], the wiring BBL[1], the wiring WAD[1],
the wiring WBDJ[1], the wiring XAL[1] to the wiring
XAL[m], the wiring XBL[1] to the wiring XBL[m], the
wiring WAL[1] to the wiring WAL[m], and the wiring
WBLJ[1] to the wiring WBL[m]. The circuit WDD is elec-
trically connected to the wiring WAD[1] and the wiring
WBDI1]. The circuit CM[1] in the circuit CMS is electri-
cally connected to the wiring BAL[1] and the wiring BBL
[1], and the circuit SCI[1] in the circuit INT is electrically
connected to the wiring BAL[1] and the wiring BBL[1] and
the circuit ACP[1] in the circuit ACTV. The circuit ACP[1]
is electrically connected to the wiring NIL[1].

Similarly, the memory cell array CA[n] is electrically
connected to the wiring BAL[n], the wiring BBL[n], the
wiring WAD|n], the wiring WBDJn], the wiring XAL[1] to
the wiring XAL[m], the wiring XBL[1] to the wiring XBL
[m], the wiring WAL[1] to the wiring WAL|m], and the
wiring WBL[1] to the wiring WBL[m]. The circuit WDD is
electrically connected to the wiring WAD[n] and the wiring
WBDIn]. The circuit CM[n] in the circuit CMS is electri-
cally connected to the wiring BAL[n] and the wiring BBL
[n], and the circuit SCI[n] in the circuit INT is electrically
connected to the wiring BAL[n] and the wiring BBL[n] and
the circuit ACP[n] in the circuit ACTV. The circuit ACP[n]
is electrically connected to the wiring NIL[n].

The arithmetic circuit MAC4 in FIG. 11 writes voltages
corresponding to the first group to the n-th group of first data
to the memory cell array CA[1] to the memory cell array
CA[n], respectively, and then inputs the voltage correspond-
ing to the second data to the wiring XAL[1] to the wiring
XAL[m] and the wiring XBL[1] to the wiring XBL[m] as in
the operation of the timing chart in FIG. 7, whereby the
results of the product-sum operation of the first data and the
second data in the first group to the n-th group can be
concurrently output to the wiring NIL[1] to the wiring
NIL[n].

Structure Example 4 of Semiconductor Device

Described here is a semiconductor device that is capable
of performing a product-sum operation of the plurality of
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pieces of first data and the plurality of pieces of second data
and is different from the arithmetic circuit MACI1, the
arithmetic circuit MACIA, the arithmetic circuit MAC2, and
the arithmetic circuit MAC3 described above.

Like the arithmetic circuit MAC1 or the like described
above, an arithmetic circuit MAC5 illustrated in FIG. 12
shows a structure example of an arithmetic circuit capable of
performing a product-sum operation and an arithmetic
operation of a function. The arithmetic circuit MACS is a
circuit that performs a product-sum operation of the plurality
of pieces of first data retained in a plurality of memory cells
described below and the plurality of pieces of input second
data and performs an arithmetic operation of a function
using the product-sum operation result.

The arithmetic circuit MAC5 includes, for example, the
memory cell array CA, the circuit CMS, the circuit WDD,
the circuit XLD, the circuit WLD, the circuit INT, and the
circuit ACTV.

The memory cell array CA includes a circuit CS[1] to a
circuit CS[m] (m here is an integer greater than or equal to
1). The circuit CS[1] to the circuit CS[m] each include the
memory cell AMu, the memory cell AMx, the memory cell
AMw, and the memory cell AMr. Although not illustrated in
FIG. 12, the memory cell AMu, the memory cell AMX, the
memory cell AMw, and the memory cell AMr included in
the circuit CS[i] (i is an integer greater than or equal to 1 and
less than or equal to m) are sometimes referred to as the
memory cell AMu[i], the memory cell AMx[i], the memory
cell AMw[i], and the memory cell AMr][i], respectively, in
this specification and the like.

In the memory cell array CA, the memory cells are
arranged in a matrix of 2m rows and 2 columns. In FIG. 12,
for example, the memory cell AMu[i] is provided at an
address of the 2i-1-th row and the first column, the memory
cell AMwi] is provided at an address of the 2i-1th row and
the first column, the memory cell AMx]i] is provided at an
address of the 2i-1-th row and the second column, and the
memory cell AMr[i] is provided at an address of the 2i-th
row and the second column.

The memory cells AMx, the memory cells AMw, the
memory cells AMu, and the memory cells AMr each have a
function of retaining voltage corresponding to the first data.
Note that the voltage corresponding to the first data can be,
for example, the difference between voltage retained in the
memory cell AMu[i] and the memory cell AMw[i] and
voltage retained in the memory cell AMx[i] and the memory
cell AMri].

The memory cell AMu[1] is electrically connected to the
wiring WAD, the wiring BBL, a wiring WL[1], and the
wiring XAL[1]. The memory cell AMw][1] is electrically
connected to the wiring WAD, the wiring BAL, the wiring
WL[1], and the wiring XBL[1]. The memory cell AMx[1] is
electrically connected to the wiring WBD, the wiring BAL,
the wiring WL[1], and the wiring XAL[1]. The memory cell
AMr[1] is electrically connected to the wiring WBD, the
wiring BBL, the wiring WL[1], and the wiring XBL[1]. The
memory cell AMu[m] is electrically connected to the wiring
WAD, the wiring BBL, a wiring WL[m], and the wiring
XAL[m]. The memory cell AMw[m] is electrically con-
nected to the wiring WAD, the wiring BAL, the wiring
WL[m], and the wiring XBL[m]. The memory cell AMx[m]
is electrically connected to the wiring WBD, the wiring
BAL, the wiring WL[m], and the wiring XAL[m]. The
memory cell AMr[m] is electrically connected to the wiring
WRBD, the wiring BBL, the wiring WL[m], and the wiring
XBL[m].
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The detailed circuit structure examples of the memory
cells AMu, the memory cells AMw, the memory cells AMx,
and the memory cells AMr included in the circuit CS[1] to
the circuit CS[m] will be described later.

The circuit CMS is electrically connected to the wiring
BAL and the wiring BBL, for example. The circuit CMS has
a function of supplying current to each of the memory cell
AMx[1] to the memory cell AMx[m] and the memory cell
AMw][1] to the memory cell AMw|[m] through the wiring
BAL and a function of supplying current to each of the
memory cell AMu[1] to the memory cell AMu[m] and the
memory cell AMr[1] to the memory cell AMr[m] through
the wiring BBL. Note that the amount of current flowing
through the wiring BAL and the amount of current flowing
through the wiring BBL, which are from the circuit CMS,
are preferably equal to each other.

For a specific structure example of the circuit CMS, refer
to the above description of the circuit CMS that can be used
in the arithmetic circuit MACI.

For the circuit WDD, for example, refer to the above
description of the circuit WDD that can be used in the
arithmetic circuit MACI.

The circuit WLD is electrically connected to the wiring
WLJ[1] to the wiring WL[m], for example. The circuit WLD
has a function of selecting a memory cell to which data is
written when data is written to the memory cell included in
the memory cell array CA. Specifically, for example, the
wiring WL[1] is electrically connected to the memory cell
AMu[i], the memory cell AMw/[i], the memory cell AMx([i],
and the memory cell AMr(i] included in the circuit CSJi];
thus, when the circuit WLD selects any one of the circuit
CS[1] to the circuit CS[m] included in the memory cell array
CA, the memory cell AMu, the memory cell AMw, the
memory cell AMx, and the memory cell AMr included in the
selected circuit CS become memory cells to which data is to
be written.

For example, when data is written to the memory cells
included in the circuit CS[i] in the memory cell array CA,
the circuit WLD supplies a high-level potential to the wiring
WLJi] and supplies a low-level potential to the wiring
WL[1] to the wiring WL[m] except the wiring WLJi],
thereby selecting the memory cell AMu[i], the memory cell
AMw][i], the memory cell AMx[i], and the memory cell
AMTr[i], which are included in the circuit CS[i] and to which
data is to be written.

For the circuit XLD, for example, refer to the above
description of the circuit XLLD that can be used in the
arithmetic circuit MACI.

For the circuit INT, for example, refer to the above
description of the circuit INT that can be used in the
arithmetic circuit MACI.

For the circuit ACTV, for example, refer to the above
description of the circuit ACTV that can be used in the
arithmetic circuit MACI.

Structure Example of Memory Cell Array CA

Next, structure examples of the memory cell AMu, the
memory cell AMw, the memory cell AMx, and the memory
cell AMr included in each of the circuit CS[1] to the circuit
CS[m] in the memory cell array CA are described.

FIG. 13 is a circuit diagram illustrating a structure
example of the memory cell array CA. The memory cell
array CA has a function of calculating a product-sum of the
plurality of pieces of first data and the plurality of pieces of
second data.
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In the memory cell array CA illustrated in FIG. 13, the
memory cells AMx, the memory cells AMu, the memory
cells AMw, and the memory cells AMr each include the
transistor M1, the transistor M2, and the capacitor C1.

For the transistor M1 and the transistor M2 included in
each of the memory cell AMx, the memory cell AMu, the
memory cell AMw, and the memory cell AMr, refer to the
above description of the transistor M1 and the transistor M2
included in each of the memory cell AMx, the memory cell
AMu, the memory cell AMw, and the memory cell AMr in
the arithmetic circuit MACI.

In each of the memory cells AMx, the memory cells AMu,
the memory cells AMw, and the memory cells AMr, the first
terminal of the transistor M1 is electrically connected to the
gate of the transistor M2. The first terminal of the transistor
M2 is electrically connected to the wiring VR. The first
terminal of the capacitor C1 is electrically connected to the
gate of the transistor M2.

In each of the memory cell AMu[1] to the memory cell
AMu[m], the second terminal of the transistor M1 is elec-
trically connected to the wiring WAD, and the second
terminal of the transistor M2 is electrically connected to the
wiring BBL. In the memory cell AMuli], the gate of the
transistor M1 is electrically connected to the wiring WL[i],
and the second terminal of the capacitor C1 is electrically
connected to the wiring XAIL[i]. Note that the electrical
connection portion of the first terminal of the transistor M1,
the gate of the transistor M2, and the first terminal of the
capacitor C1 in the memory cell AMu[1] is the node Nu[1],
and the electrical connection portion of the first terminal of
the transistor M1, the gate of the transistor M2, and the first
terminal of the capacitor C1 in the memory cell AMu[m] is
the node Nu[m].

In each of the memory cell AMw[1] to the memory cell
AMw][m], the second terminal of the transistor M1 is elec-
trically connected to the wiring WAD, and the second
terminal of the transistor M2 is electrically connected to the
wiring BAL. In the memory cell AMw[i], the gate of the
transistor M1 is electrically connected to the wiring WL[i],
and the second terminal of the capacitor C1 is electrically
connected to the wiring XBL[i]. Note that the electrical
connection portion of the first terminal of the transistor M1,
the gate of the transistor M2, and the first terminal of the
capacitor C1 in the memory cell AMw][1] is the node Nw|[1],
and the electrical connection portion of the first terminal of
the transistor M1, the gate of the transistor M2, and the first
terminal of the capacitor C1 in the memory cell AMw[m] is
the node Nw[m].

In each of the memory cell AMx[1] to the memory cell
AMx[m], the second terminal of the transistor M1 is elec-
trically connected to the wiring WBD, and the second
terminal of the transistor M2 is electrically connected to the
wiring BAL. In the memory cell AMXx[i], the gate of the
transistor M1 is electrically connected to the wiring WL[i],
and the second terminal of the capacitor C1 is electrically
connected to the wiring XAIL[i]. Note that the electrical
connection portion of the first terminal of the transistor M1,
the gate of the transistor M2, and the first terminal of the
capacitor C1 in the memory cell AMx[1] is the node Nx[1],
and the electrical connection portion of the first terminal of
the transistor M1, the gate of the transistor M2, and the first
terminal of the capacitor C1 in the memory cell AMx[m] is
the node Nx[m].

In each of the memory cell AMr[1] to the memory cell
AMTr[m], the second terminal of the transistor M1 is elec-
trically connected to the wiring WBD, and the second
terminal of the transistor M2 is electrically connected to the
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wiring BBL. In the memory cell AMr[i], the gate of the
transistor M1 is electrically connected to the wiring WL[i],
and the second terminal of the capacitor C1 is electrically
connected to the wiring XBLJ[i]. Note that the electrical
connection portion of the first terminal of the transistor M1,
the gate of the transistor M2, and the first terminal of the
capacitor C1 in the memory cell AMr[1] is the node Nr[1],
and the electrical connection portion of the first terminal of
the transistor M1, the gate of the transistor M2, and the first
terminal of the capacitor C1 in the memory cell AMr[m] is
the node Nr[m].

The node Nx[1], the node Nx[m], the node Nu[l], the
node Nu[m], the node Nw[1], the node Nw[m], the node
Nr[1], and the node Nr[m] described above function as the
retention nodes of the respective memory cells.

For the wiring VR, refer to the above description of the
wiring VR included in the arithmetic circuit MACI.

Operation Example of Arithmetic Circuit

Next, an operation example of the arithmetic circuit
MACS will be described.

The arithmetic circuit MACS here is an arithmetic circuit
MACSA illustrated in FIG. 14 in which the memory cell
array CA in FIG. 13 is used as the memory cell array CA and
the circuit CMS in FIG. 3A is used as the circuit CMS. Note
that FIG. 14 mainly illustrates the memory cell array CA, the
circuit CMS, the circuit XLD, the circuit WLD, and the
circuit INT in the arithmetic circuit MAC5A. Although not
illustrated, the circuit ACTV in FIG. 4A is used as the circuit
ACTYV in the arithmetic circuit MACSA in FIG. 14.

FIG. 15 shows a timing chart of an operation example of
the arithmetic circuit MACS5A. The timing chart in FIG. 15
shows changes in the potentials of the wiring WL[1], the
wiring WL[m], the wiring SL.4, the wiring SL.5, the wiring
SL7, the wiring WAD, the wiring WBD, the wiring XAL[1],
the wiring XAL[m], the wiring XBL[1], the wiring XBL[m],
the node Nx[1], the node Nx[m], the node Nu[1], the node
Nu[m], the node Nw[1], the node Nw[m], the node Nr[1],
and the node Nr[m] at and around Time T21 to Time T29.
Note that in FIG. 15, a high-level potential is denoted by
High and a low-level potential is denoted by Low.

In this operation example, the voltage supplied from the
wiring VR is a ground potential.
<<Before Time T21>>

Before Time T21, the potentials of the node Nu[1] to the
node Nu[m], the node Nw[1] to the node Nw[m], the node
Nx[1] to the node Nx[m], and the node Nr[1] to the node
Nr[m] are each a ground potential. Note that the ground
potential is denoted by GND in FIG. 15.

A low-level potential is input to each of the wiring WAD
and the wiring WBD from the circuit WDD (not illustrated
in FIG. 14).

The reference potential V. is input to each of the wiring
XAL[1] to the wiring XAI[m] and the wiring XBL[1] to the
wiring XBL[m] from the circuit XLD. Note that V., can be
a potential higher than a ground potential or a potential
lower than a ground potential.

Alow-level potential is input to each of the wiring WL[1]
to the wiring WL[m] from the circuit WLD. Thus, the
transistors M1 included in all of the memory cells AMx, the
memory cells AMu, the memory cells AMw, and the
memory cells AMr in the memory cell array CA are turned
off.

A low-level potential is input to each of the wiring SI.4,
the wiring SL5, and the wiring SL7. Thus, the switch SW4A,
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the switch SW5A, the switch SW5B, the switch SW7A, and
the switch SW7B are each turned off.
<<From Time T21 to Time T22>>

During the period from Time T21 to Time T22, a high-
level potential is input to the wiring SL5. Thus, the switch
SW5A and the switch SW5B included in the circuit INT are
each turned on.

When the switch SW5A and the switch SW5B are each
turned on, electrical continuity is established between the
wiring VSL and each of the wiring BAL and the wiring
BBL, whereby the potential from the wiring VSL is supplied
to each of the wiring BAL and the wiring BBL. Note that in
this operation example, the wiring VSL is a wiring for
supplying an initialization potential to each of the wiring
BAL and the wiring BBL, and the initialization potential is
a ground potential. Thus, during the period from Time T21
to Time T22, the potentials of the wiring BAL and the wiring
BBL are each a ground potential.

A ground potential is supplied from the wiring VR to the
first terminals of the transistors M2 included in all of the
memory cells AMx, the memory cells AMu, the memory
cells AMw, and the memory cells AMr in the memory cell
array CA; hence, the voltage between the first terminal and
the second terminal of each of the transistors M2 is 0 V. In
addition, since the potentials of the node Nx[1] to the node
Nx[m], the node Nu[1] to the node Nu[m], the node Nw[1]
to the node Nw[m], and the node Nr[1] to the node Nr[m]
are each a ground potential, the transistors M2 are each
turned off.
<<From Time T22 to Time T23>>

During the period from Time T22 to Time T23, a high-
level potential is input to the wiring WL[1]. Thus, a high-
level potential is applied to the gates of the transistors M1
included in the memory cell AMu[1], the memory cell
AMw/[1], the memory cell AMx[1], and the memory cell
AMr[1] in the memory cell array CA, whereby the transis-
tors M1 are each turned on.

Moreover, during the period from Time T22 to Time T23,
a potential higher than a ground potential by V;,[1] is input
to the wiring WAD. At this time, the transistor M1 in each
of'the memory cell AMu[1] and the memory cell AMw][1] is
in the on state; thus, electrical continuity is established
between the wiring WAD and the node Nu[1] and electrical
continuity is established between the wiring WAD and the
node Nw[1]. Hence, a potential higher than a ground poten-
tial by V[1] is input to each of the first terminal of the
capacitor C1 in the memory cell AMu[1] (node Nu[1]) and
the first terminal of the capacitor C1 in the memory cell
AMw[1] (node Nw][1]).

Furthermore, during the period from Time T22 to Time
T23, a potential higher than a ground potential by V;p[1] is
input to the wiring WBD. At this time, the transistor M1 in
each of the memory cell AMx[1] and the memory cell
AMr[1] is in the on state; thus, electrical continuity is
established between the wiring WBD and the node Nx[1]
and electrical continuity is established between the wiring
WBD and the node Nr[1]. Hence, a potential higher than a
ground potential by Vy[1] is input to each of the first
terminal of the capacitor C1 in the memory cell AMx[1]
(node Nx[1]) and the first terminal of the capacitor C1 in the
memory cell AMr[1] (node Nr[1]).

Here, V1] is defined as in Formula (1.1) described in
this embodiment.

In Formula (1.1), V1] is voltage corresponding to the
first one among the m pieces of first data. That is, V;[1]
and V;5[1] can each be regarded as voltage corresponding
to the first one among the m pieces of first data. Note that a
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combination of the voltages Vi, [1] and Vy;[1] can be
freely determined as long as Formula (1.1) is satisfied. For
example, V;,,[1] can be voltage higher than V5[ 1], voltage
lower than V,p[1], or voltage equal to Vyp[1]. That is,
V,11] may be a positive voltage, 0, or a negative voltage.

Note that since the switch SW5A is in the on state, a
ground potential is input to the wiring BAL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in each of the memory cell
AMu[1] and the memory cell AMw([1], so that the voltage
between the first terminal and the second terminal of the
transistor M2 is approximately 0 V. Thus, no current flows
between the first terminal and the second terminal of the
transistor M2 in each of the memory cell AMu[1] and the
memory cell AMw][1].

Similarly, since the switch SW5B is in the on state, a
ground potential is input to the wiring BBL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in each of the memory cell
AMx[1] and the memory cell AMr[1], so that the voltage
between the first terminal and the second terminal of the
transistor M2 is also approximately O V. Thus, no current
flows between the first terminal and the second terminal of
the transistor M2 in each of the memory cell AMx[1] and the
memory cell AMr[1].

During the period from Time T22 to Time T23, a low-
level potential has been continuously input to each of the
wiring WL[2] to the wiring WL[m] since before Time T22.
Thus, a low-level potential is applied to the gate of the
transistor M1 included in each of the memory cells AMu, the
memory cells AMw, the memory cells AMx, and the
memory cells AMr in the circuit CS|[2] to the circuit CS[m]
in the memory cell array CA, so that the transistors M1 are
each turned off. This prevents the data that has been input to
each of the wiring WAD and the wiring WBD from being
written to the node Nu[2] to the node Nu[m], the node Nw[2]
to the node Nw[m], the node Nx[2] to the node Nx[m], and
the node Nr[2] to the node Nr[m].
<<From Time T23 to Time T24>>

During the period from Time T23 to Time T24, a low-
level potential is input to the wiring WL[1]. Thus, a low-
level potential is applied to the gates of the transistors M1
included in the memory cell AMu[l], the memory cell
AMw][1], the memory cell AMx[1], and the memory cell
AMr[1] in the memory cell array CA, whereby the transis-
tors M1 are each turned off.

When the transistor M1 in each of the memory cell
AMu[1] and the memory cell AMw[1] is turned off, a
potential higher than a ground potential by Vy, [1] is
retained in each of the first terminal of the capacitor C1 in
the memory cell AMu[1] (node Nu[1]) and the first terminal
of the capacitor C1 in the memory cell AMw|[1] (node
Nw[1]). Moreover, when the transistor M1 in each of the
memory cell AMx[1] and the memory cell AMr[1] is turned
off, a potential higher than a ground potential by V,[1] is
retained in each of the first terminal of the capacitor C1 in
the memory cell AMx[1] (node Nx[1]) and the first terminal
of the capacitor C1 in the memory cell AMr[1] (node Nr|[1]).

During the period from Time T23 to Time T24, potentials
are sequentially written to the memory cells AMu, the
memory cells AMw, the memory cells AMx, and the
memory cells AMr in the circuit CS[2] to the circuit CS[m~
1], as in the operation of writing the potentials to the
memory cell AMu[l], the memory cell AMw[1], the
memory cell AMx[1], and the memory cell AMr[1] in the
circuit CS[1] during the period from Time T22 to Time T23.
Specifically, for example, signals making the potentials high
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level for a certain period are sequentially input to the wiring
WL[2] to the wiring WL[m-1] and the potentials of the
wiring WAD and the wiring WBD are changed in accor-
dance with the signals, whereby the predetermined poten-
tials can be written to the memory cells AMu, the memory
cells AMw, the memory cells AMx, and the memory cells
AMr in the circuit CS[2] to the circuit CS[m-1]. Note that
Val2] to Vi, [m—1] are sequentially written to the memory
cell AMu|2] to the memory cell AMu[m-1] and the memory
cell AMw][2] to the memory cell AMw|[m-~1]. Furthermore,
Vypl2] to Vyp[m-1] are sequentially written to the memory
cell AMx|2] to the memory cell AMx[m-1] and the memory
cell AMr[2] to the memory cell AMr[m-1] in parallel with
the operation of writing the voltages to the memory cell
AMu|[2] to the memory cell AMu[m-~-1] and the memory cell
AMw][2] to the memory cell AMw[m-1].

At this time, the memory cell AMx|p] positioned in the
p-th row (p is an integer greater than or equal to 2 and less
than or equal to m-1) retains the voltage Vyp[p], and the
memory cell AMu[p] retains the voltage V ;. [p]. Here, as in
Formula (1.1), the voltage V,{p] corresponding to the p-th
one among the m pieces of first data is defined as in Formula
(1.2) described in this embodiment.

In Formula (1.2), V|p] is voltage corresponding to the
p-th one among the m pieces of first data. That is, V;,[p]
and V;5[p] can each be regarded as voltage corresponding
to the p-th one among the m pieces of first data. Note that
a combination of the voltages V,[p] and V,5[p] can be
freely determined as long as Formula (1.2) is satisfied. For
example, V;,[p] can be voltage higher than V5[ p], voltage
lower than V,[p], or voltage equal to Vy[p]. That is,
V,{p] may be a positive voltage, 0, or a negative voltage.
<<From Time T24 to Time T25>>

During the period from Time T24 to Time T25, a high-
level potential is input to the wiring WL[m]. Thus, a
high-level potential is applied to the gates of the transistors
M1 included in the memory cell AMu[m], the memory cell
AMw[m], the memory cell AMx[m], and the memory cell
AMu[m] in the memory cell array CA, whereby the tran-
sistors M1 are each turned on.

Moreover, during the period from Time T24 to Time T25,
apotential higher than a ground potential by V. [m] is input
to the wiring WAD. At this time, the transistor M1 in each
of the memory cell AMu[m] and the memory cell AMw|[m]
is in the on state; thus, electrical continuity is established
between the wiring WAD and the node Nu[m] and electrical
continuity is established between the wiring WAD and the
node Nw[m]. Hence, a potential higher than a ground
potential by V. [m] is input to each of the first terminal of
the capacitor C1 in the memory cell AMu[m| (node Nu[m])
and the first terminal of the capacitor C1 in the memory cell
AMw[m] (node Nw[m]).

Furthermore, during the period from Time T24 to Time
T25, a potential higher than a ground potential by V,5[m]
is input to the wiring WBD. At this time, the transistor M1
in each of the memory cell AMx[m] and the memory cell
AMr[m] is in the on state; thus, electrical continuity is
established between the wiring WBD and the node Nx[m]
and electrical continuity is established between the wiring
WBD and the node Nr[m]. Hence, a potential higher than a
ground potential by Vjs[m] is input to each of the first
terminal of the capacitor C1 in the memory cell AMx[m]
(node Nx[m]) and the first terminal of the capacitor C1 in the
memory cell AMr[m] (node Nr[m]).

Here, V{m] is defined as in Formula (1.3) described in
this embodiment.
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In Formula (1.3), V,{m] is voltage corresponding to the
m-th one among the m pieces of first data. That is, V;, [m]
and Vyp[m] can each be regarded as voltage corresponding
to the m-th one among the m pieces of first data. Note that
a combination of the voltages V [m] and V[m] can be
freely determined as long as Formula (1.3) is satisfied. For
example, Vy[m] can be voltage higher than V,[m],
voltage lower than V5[m], or voltage equal to V,[m].
That is, V,Jm] may be a positive voltage, 0, or a negative
voltage.

Note that since the switch SW5A is in the on state, a
ground potential is input to the wiring BAL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in each of the memory cell
AMu[m] and the memory cell AMw[m], so that the voltage
between the first terminal and the second terminal of the
transistor M2 is approximately 0 V. Thus, no current flows
between the first terminal and the second terminal of the
transistor M2 in each of the memory cell AMu[m] and the
memory cell AMw[m].

Similarly, since the switch SW5B is in the on state, a
ground potential is input to the wiring BBL. Moreover, a
ground potential from the wiring VR is input to the first
terminal of the transistor M2 in each of the memory cell
AMx|m] and the memory cell AMr[m], so that the voltage
between the first terminal and the second terminal of the
transistor M2 is also approximately O V. Thus, no current
flows between the first terminal and the second terminal of
the transistor M2 in each of the memory cell AMx[m] and
the memory cell AMr[m].

During the period from Time T24 to Time T25, a low-
level potential has been continuously input to each of the
wiring WL[1] to the wiring WL[m-1] since before Time
T04. Thus, a low-level potential is applied to the gate of the
transistor M1 included in each of the memory cells AMu, the
memory cells AMw, the memory cells AMx, and the
memory cells AMr in the circuit CS[1] to the circuit CS[m~
1] in the memory cell array CA, so that the transistors M1
are each turned off. This prevents the data that has been input
to each of the wiring WAD and the wiring WBD from being
written to the node Nu[1] to the node Nu[m-1], the node
Nw[1] to the node Nw[m-1], the node Nx[1] to the node
Nx[m-1], and the node Nr[1] to the node Nr[m-1].
<<From Time T25 to Time T26>>

During the period from Time T25 to Time T26, a low-
level potential is input to the wiring WL[m]. Thus, a
low-level potential is applied to the gates of the transistors
M1 included in the memory cell AMu[m], the memory cell
AMw[m], the memory cell AMx[m], and the memory cell
AMr[m] in the memory cell array CA, whereby the transis-
tors M1 are each turned off.

When the transistor M1 in each of the memory cell
AMu[m] and the memory cell AMw[m] is turned off, a
potential higher than a ground potential by V,[m] is
retained in each of the first terminal of the capacitor C1 in
the memory cell AMu[m] (node Nu[m]) and the first termi-
nal of the capacitor C1 in the memory cell AMw[m] (node
Nw[m]). Moreover, when the transistor M1 in each of the
memory cell AMx|[m] and the memory cell AMr[m] is
turned off, a potential higher than a ground potential by
Vyplm] is retained in each of the first terminal of the
capacitor C1 in the memory cell AMx[m] (node Nx[m]) and
the first terminal of the capacitor C1 in the memory cell
AMr[m] (node Nr[m]).

By the operation from Time T21 to Time T26, the voltage
corresponding to the first data can be written to each of the
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memory cells AMx, the memory cells AMu, the memory
cells AMw, and the memory cells AMr included in the
memory cell array CA.

<<From Time T26 to Time T27>>

During the period from Time 126 to Time T27, a low-
level potential is input to the wiring SL5. Thus, the switch
SWS5A and the switch SW5B in the circuit INT are each
turned off.
<<From Time T27 to Time T28>>

During the period from Time T27 to Time T28, the
potentials corresponding to the m pieces of second data are
input to the wiring XAL[1] to the wiring XAL[m]. Here, for
example, a potential input from the circuit XLD to the
wiring XAL[1] is higher than a ground potential by V. [1],
a potential input from the circuit XD to the wiring XAL[p]
is higher than a ground potential by V. [p], and a potential
input from the circuit XLD to the wiring XAL[m] is higher
than a ground potential by V,[m].

The potential of the wiring XAL[1] increases from a
ground potential to V [1]; thus, V4 [1] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMu[1] and the memory cell AMx[1]. Since the node
Nu[1] and the node Nx[1] are each in an electrically floating
state at this time, the potentials of the node Nu[1] and the
node Nx[1] are each changed by capacitive coupling of the
capacitor C1.

In each of the memory cell AMu[1] and the memory cell
AMx[1], the amount of increase in the gate potential of the
transistor M2 is a potential obtained by multiplying a change
in the potential of the wiring XAL[1] by a capacitive
coupling coeflicient determined by the memory cell struc-
ture. The capacitive coupling coefficient is calculated using
the capacitance of the capacitor C1, the gate capacitance of
the transistor M2, the parasitic capacitance, and the like. In
this operation example, the capacitive coupling coeflicient
of each of the memory cell AMu and the memory cell AMx
is set to h.

Thus, when a change in the potential of the wiring
XAL[1] is V4,[1], a change in the potential of each of the
node Nu[1] and the node Nx[1] is hV,[1]. That is, the
potential of the node Nu[l] is V; [1]+hV,[1], and the
potential of the node Nx[1] is V[ 1]+hV 4 [1].

In this operation example, the capacitive coupling coef-
ficient in the memory cells included in the memory cell array
CA other than the memory cell AMu[1] and the memory cell
AMXx[1] is described as h.

The potential of the wiring XAL[p] increases from a
ground potential to V [p]; thus, V4 [p] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMu[p] and the memory cell AMx[p]. Since the node
Nu[p] and the node Nx[p] are each in an electrically floating
state at this time, the potentials of the node Nu[p] and the
node Nx[p] are each changed by capacitive coupling of the
capacitor C1. Specifically, the potential of the node Nu[p] is
Vialpl+hV . [p], and the potential of the node Nx[p] is
Viglpl+hV . [pl-

The potential of the wiring XAL[m] increases from a
ground potential to V. [m]; thus, V,[m] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMu[m] and the memory cell AMx[m]. Since the node
Nu[m] and the node Nx[m] are each in an electrically
floating state at this time, the potentials of the node Nu[m]|
and the node Nx[m] are each changed by capacitive cou-
pling of the capacitor C1. Specifically, the potential of the
node Nu[m] is V,,[m]+hV,,[m], and the potential of the
node Nx[m] is Vyp[m]+hV 4, [m].
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During the period from Time T27 to Time T28, the
potentials corresponding to the m pieces of second data are
input to the wiring XBL[1] to the wiring XBL.[m]. Here, for
example, a potential input from the circuit XLD to the
wiring XBL[1] is higher than a ground potential by V,[1],
a potential input from the circuit XLD to the wiring XBL[p]
is higher than a ground potential by Vz[p], and a potential
input from the circuit XD to the wiring XBL[m] is higher
than a ground potential by Vp[m].

The potential of the wiring XBL[1] increases from a
ground potential to Vp[1]; thus, Vy,[1] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMw([1] and the memory cell AMr[1]. Since the node
Nw/[1] and the node Nr[1] are each in an electrically floating
state at this time, the potentials of the node Nw([1] and the
node Nr[1] are each changed by capacitive coupling of the
capacitor C1.

Note that in this operation example, the capacitive cou-
pling coefficient of each of the memory cell AMw and the
memory cell AMr included in the memory cell array CA is
described as h, as in the memory cell AMx and the memory
cell AMu.

Thus, when a change in the potential of the wiring
XBL[1] is V[1], a change in the potential of each of the
node Nw[1] and the node Nr[1] is hV,p[1]. That is, the
potential of the node Nw[1] is V,[1]+hV;[1], and the
potential of the node Nr[1] is V[1]+hV ,[1].

The potential of the wiring XBL[p] increases from a
ground potential to Vp[p]; thus, V,,[p] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMw|p]| and the memory cell AMr[p]. Since the node
Nw/[p] and the node Nr[p] are each in an electrically floating
state at this time, the potentials of the node Nw[p] and the
node Nr[p] are each changed by capacitive coupling of the
capacitor C1. Specifically, the potential of the node Nw|[p] is
Viualp]+hV iplp], and the potential of the node Nr[p] is
Vypp[p1+hV g [pl-

The potential of the wiring XBL[m] increases from a
ground potential to Vyp[m]; thus, V,,[m] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMw[m] and the memory cell AMr[m]. Since the node
Nw[m] and the node Nr[m] are each in an electrically
floating state at this time, the potentials of the node Nw|[m]
and the node Nr[m] are each changed by capacitive coupling
of the capacitor C1. Specifically, the potential of the node
Nw[m] is Vy,[m]+hV ;s [m], and the potential of the node
Nu[m] is Vyp[m]+hV ,5[m].

Here, V[1], VIpl, and V [m] are respectively defined as
in Formula (1.4) to Formula (1.6) described in this embodi-
ment.

V1] to Vi[m] in Formula (1.4) to Formula (1.6) are each
voltage corresponding to the second data. That is, V,[1] to
Vxalm] and Vp[1] to Vyp[m] can each be regarded as
voltage corresponding to the second data. Note that a
combination of the voltages Vg, [i] and V 4p[i] can be freely
determined as long as Formula (1.4) to Formula (1.6) are
satisfied. For example, V[i] can be voltage higher than
V xplil, voltage lower than V 4p]i], or voltage equal to V yi].
That is, V,[i] may be a positive voltage, O, or a negative
voltage.
<<From Time T28 to Time T29>>

During the period from Time T28 to Time T29, a high-
level potential is input to the wiring SL.4 and the wiring SL.7.
Thus, the switch SW7A and the switch SW7B in the circuit
CMS and the switch SW4A in the circuit ACTV are each
turned on.
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At this time, electrical continuity is established between
the second terminal of the transistor M2 included in each of
the memory cell AMx[1] to the memory cell AMx[m]| and
the memory cell AMw[1] to the memory cell AMw[m] and
the first terminal of the transistor M3 A included in the circuit
CM through the wiring BAL. In addition, electrical conti-
nuity is established between the second terminal of the
transistor M2 included in each of the memory cell AMx[1]
to the memory cell AMx[m] and the memory cell AMw/[1]
to the memory cell AMw[m] and the first terminal of the
circuit IVC included in the circuit ACTV through the wiring
BAL. Moreover, electrical continuity is established between
the second terminal of the transistor M2 included in each of
the memory cell AMu[1] to the memory cell AMu[m]| and
the memory cell AMr[1] to the memory cell AMr[m] and the
first terminal of the transistor M3B included in the circuit
CM through the wiring BBL.

Here, the current flowing from the second terminal to the
first terminal of the transistor M2 in each of the memory
cells AMx, the memory cells AMu, the memory cells AMw,
and the memory cells AMr is considered.

Assuming that the current flowing from the wiring BAL
to the first terminal of the transistor M2 in the memory cell
AMXx[1] through its second terminal is 1511, Lyaspi; can be
expressed in a manner similar to that of Formula (1.7)
described in this embodiment.

In Formula (1.7), k is a constant determined by the
channel length, the channel width, the mobility, the capaci-
tance of a gate insulating film, and the like of the transistor
M2. Furthermore, V, is the threshold voltage of the tran-
sistor M2. Note that the constant k can be applied not only
to the memory cells AMx but also to the memory cells AMu,
the memory cells AMw, and the memory cells AMr. In
addition, the threshold voltage of the transistor M2 of not
only the memory cells AMx but also the memory cells AMu,
the memory cells AMw, and the memory cells AMr is
denoted as V.

Assuming that the current flowing from the wiring BAL
to the first terminal of the transistor M2 in the memory cell
AMx[m] through its second terminal is Lz 1,35 Liagegng ca0
be expressed in a manner similar to that of Formula (1.7)
described in this embodiment.

That is, assuming that the total amount of current flowing
from the wiring BAL to the second terminals of the tran-
sistors M2 in the memory cell AMx[1] to the memory cell
AMx|m]is I, I, can be expressed in a manner similar to that
of Formula (1.9) described in this embodiment according to
Formula (1.7) and Formula (1.8).

Similarly, assuming that the current flowing from the
wiring BAL to the first terminal of the transistor M2 in the
memory cell AMw|[1] through its second terminal is I ,,,,.[1]
and the current flowing from the wiring BAL to the first
terminal of the transistor M2 in the memory cell AMw[m]
through its second terminal is 1sz, 1,95 Loaswpiy @09 Ligsnpm
can be expressed in a manner similar to those of Formula
(1.10) and Formula (1.11) described in this embodiment.

That is, assuming that the total amount of current flowing
from the wiring BAL to the second terminals of the tran-
sistors M2 in the memory cell AMw[1] to the memory cell
AMw[m] is I, 1, can be expressed in a manner similar to
that of Formula (1.12) described in this embodiment accord-
ing to Formula (1.10) and Formula (1.11).

Similarly, assuming that the current flowing from the
wiring BBL to the first terminal of the transistor M2 in the
memory cell AMu[1] through its second terminal is 157,
and the current flowing from the wiring BBL to the first
terminal of the transistor M2 in the memory cell AMu[m]
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through its second terminal iS Lypz,m1> Liasiriy @04 Lias,png
can be expressed in a manner similar to those of Formula
(1.13) and Formula (1.14) described in this embodiment.

That is, assuming that the total amount of current flowing
from the wiring BBL to the second terminals of the transis-
tors M2 in the memory cell AMu[l] to the memory cell
AMu[m]is I, I, can be expressed in a manner similar to that
of Formula (1.15) described in this embodiment according
to Formula (1.13) and Formula (1.14).

Similarly, assuming that the current flowing from the
wiring BBL to the first terminal of the transistor M2 in the
memory cell AMr[1] through its second terminal is Ly,
and the current flowing from the wiring BBL to the first
terminal of the transistor M2 in the memory cell AMr[m]
through its second terminal is Ly, (1> Lsazrr17 @0d Ly g g,y can
be expressed by the following formulae in a manner similar
to those of Formula (1.16) and Formula (1.17) described in
this embodiment.

That is, assuming that the total amount of current flowing
from the wiring BBL to the second terminals of the transis-
tors M2 in the memory cell AMr[1] to the memory cell
AMr[m] is I, I, can be expressed in a manner similar to that
of Formula (1.18) described in this embodiment according
to Formula (1.16) and Formula (1.17).

During the period from Time T28 to Time T29, the switch
SW7B included in the circuit CMS is in the on state and the
switch SW5B included in the circuit INT is in the off state;
thus, the current with the total amount [ +I, flowing to the
memory cell AMu[1] to the memory cell AMu[m] and the
memory cell AMr[1] to the memory cell AMr[m] through
the wiring BBL flows from the wiring VHE through the first
terminal of the transistor M3B. At this time, the voltage of
the first terminal (gate) of the transistor M3B is voltage
corresponding to the current amount [ +1 .

Since the circuit CM is the current mirror circuit, the
amount of current flowing between the first terminal and the
second terminal of the transistor M3B is substantially equal
to the amount of current flowing between the first terminal
and the second terminal of the transistor M3A. During the
period from Time T12 to Time T13, the switch SW7A
included in the circuit CMS is in the on state; thus, the
amount of current flowing from the wiring VHE to the
wiring BAL through the transistor M3A is [ +1,.

Since the memory cell AMx[1] to the memory cell
AMx[m] and the memory cell AMw[1] to the memory cell
AMw[m] are electrically connected to the wiring BAL,
current with the amount [, flows from the wiring BAL to the
memory cell AMx[1] to the memory cell AMx[m] and
current with the amount [, flows from the wiring BAL to the
memory cell AMw([1] to the memory cell AMw[m].

In addition, since the switch SW5A and the switch SW5B
included in the circuit INT are in the off state and the switch
SW4A included in the circuit ACTV is in the on state,
current flows from the wiring BAL to the first terminal of the
circuit IVC included in the circuit ACTV through the switch
SW4A. Assuming that the amount of current is Iy, I, can
be expressed in a manner similar to that of Formula (1.19)
described in this embodiment.

Thus, Formula (1.19) can be expressed by the following
formula with the use of Formula (1.1) to Formula (1.6),
Formula (1.9), Formula (1.12), Formula (1.15), and Formula
(1.18) in a manner similar to that of Formula (1.20).
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[Formula 21]

m 1.23)
Igy = thZ(VWa [{] = VirpgliD(Vxe il = Vxplil)
=)

=21k ViplilVxli)
=1

According to Formula (1.23), the amount I, of current
input from the wiring BAL to the circuit ACTV is propor-
tional to the product-sum of the potentials V[1] to V,,[m]
corresponding to the first data and the potentials V,[1] to
V[m] corresponding to the second data. That is, the prod-
uct-sum of the first data and the second data can be
expressed as the amount [, of current.

The current with [, flowing through the first terminal of
the circuit IVC included in the circuit ACTV enables the
voltage corresponding to I, to be output to the third
terminal of the circuit IVC. After that, the voltage is input to
the first terminal of the circuit ACF to be used for an
arithmetic operation of a function system defined in advance
by the circuit ACF, so that the arithmetic operation result is
output as voltage (or current, for example) from the wiring
NIL.

Formula (1.1) to Formmla (1.3) can each be modified into
Viwalil=Vyplil+Vylil. That is, the memory cell AMuli] and
the memory cell AMw([i] retain V,g[i]+Vy,[i]. Since Vyg(i]
can be a given voltage, Vg[1] to Vy5[m] may be the same
voltage. Assuming that each of Vyg[1] to Vyg[m] is Vg,
for example, the memory cell AMu[i] and the memory cell
AMw([i] each retain Vp+V,[i], and the memory cell AMx
[i] and the memory cell AMr[i] each retain V 5. When each
of Vypll] to Vyglm] is Vpp in this manner, the arithmetic
operation of Formula (1.23) can be performed similarly by
retaining voltage obtained by addition of the voltage corre-
sponding to the first data to the reference voltage V p in the
memory cell AMu and the memory cell AMw and by
retaining the reference voltage in the memory cell AMx and
the memory cell AMr.

Formula (1.4) to Formula (1.6) can each be modified into
Vxalil=Vxglil+V«[i]. That is, during the period from Time
TI1 to Time T12, V,g[i#V,[i] is input to the wiring
XAL[i]. Since Vyg[i] can be a given voltage, Vyg[l] to
Vyplm] may be the same voltage. Assuming that each of
Vypll] to Vyplm] is Vg zp, for example, Vgpp+Vili] is input
to the wiring XAL[i], and Vzp is input to the wiring
XBLI[i]. When each of V,g[1] to Vyglm] is Vgzp in this
manner, the arithmetic operation of Formula (1.23) can be
performed similarly by inputting voltage obtained by addi-
tion of the voltage corresponding to the second data to the
reference voltage Vg p to the wiring XAL and by inputting
the reference voltage to the wiring XBL.

Structure Example 5 of Semiconductor Device

Described here is a semiconductor device that is capable
of performing a product-sum operation of the plurality of
pieces of first data and the plurality of pieces of second data
and is different from the arithmetic circuit MACS in FIG. 12.

Like the arithmetic circuit MACS5 in FIG. 12, an arith-
metic circuit MAC6 in FIG. 16 is an example of a semi-
conductor device capable of performing a product-sum
operation of the plurality of pieces of first data and the
plurality of pieces of second data. Note that the arithmetic
circuit MAC6 is different from the arithmetic circuit MAC5S
in the circuit structure of the circuit CMS and in that the
wiring BBL is electrically connected to the circuit ACTV.
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The circuit CMS included in the arithmetic circuit MAC6
includes the current source CSA and the current source CSB.
The input terminal of the current source CSA is electrically
connected to the wiring VHE, and the output terminal of the
current source CSA is electrically connected to the wiring
BAL. The input terminal of the current source CSB is
electrically connected to the wiring VHE, and the output
terminal of the current source CSB is electrically connected
to the wiring BBL.

Note that the circuit CMS that is included in the arithmetic
circuit MAC6 and has the above-described circuit structure
does not have a function of the current mirror circuit
illustrated in FIG. 3A and FIG. 3B.

The wiring VHE can be a wiring for supplying a constant
voltage as in the description of the circuit CMS in FIG. 3A
and FIG. 3B, for example. The constant voltage is preferably
a high-level potential, for example.

The current source CSA and the current source CSB each
have a function of outputting a constant current to the output
terminal when a power supply potential is input to the input
terminal. Note that the amount of current output to the
output terminal of the current source CSA is preferably
equal to the amount of current output to the output terminal
of the current source CSB. Specifically, the amount of
current flowing from the output terminal of the current
source CSA to the wiring BAL is preferably greater than or
equal to 0.85 times, greater than or equal to 0.9 times, or
greater than or equal to 0.95 times and less than or equal to
1.05 times, less than or equal to 1.1 times, or less than or
equal to 1.15 times the amount of current flowing from the
output terminal of the current source CSB to the wiring
BBL. Note that the above-described lower limits and upper
limits can be combined with each other.

As described above, the wiring BBL is electrically con-
nected to the circuit ACTV. The circuit ACTV in FIG. 16
preferably has a function of outputting the voltage corre-
sponding to the amount of current, which is the difference
between the current flowing from the wiring BAL to the
circuit ACTV and the current flowing from the wiring BBL
to the circuit ACTV, a function of performing an arithmetic
operation according to a function system defined in advance
using the voltage, and a function of outputting the result of
the arithmetic operation of the function to the wiring NIL,
for example.

Specifically, the circuit ACTV included in the arithmetic
circuit MAC6 in FIG. 16 can be the circuit ACTV illustrated
in FIG. 9, for example.

When a high-level potential is input to the wiring SL4 to
turn on each of the switch SW4A and the switch SW4B, for
example, the circuit ACTV in FIG. 9 can supply the current
from the wiring BAL to the first terminal of the circuit IVC
and can supply the current from the wiring BBL to the third
terminal of the circuit IVC.

Assuming that the amount of current supplied from the
current source CSA and the current source CSB respectively
to the wiring BAL and the wiring BBL is I the total
amount of current flowing from the wiring BAL to the
memory cell AMx[1] to the memory cell AMx[m] is I, and
the total amount of current flowing from the wiring BAL to
the memory cell AMw][1] to the memory cell AMw[m] is [,
in the arithmetic circuit MAC6 in FIG. 16, for example, the
amount of current flowing from the wiring BAL to the first
terminal of the circuit IVC is I~ L -1, In addition,
assuming that the total amount of current flowing from the
wiring BBL to the memory cell AMu[1] to the memory cell
AMu[m] is I, and the total amount of current flowing from
the wiring BBL to the memory cell AMr[1] to the memory
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cell AMr[m] is I, the amount of current flowing from the
wiring BBL to the third terminal of the circuit IVC is I o
1,-L.

In the case where the circuit IVC in FIG. 9 is a subtraction
circuit (e.g., in the case where the load LEA and the load
LEB are resistors), the second terminal of the circuit IVC
outputs the voltage corresponding to the difference (-1,-1,+
IL+1,) between the amount of current input to the first
terminal of the circuit IVC and the amount of current input
to the third terminal of the circuit IVC. The current amount
corresponding to the difference depends on the sum of
products of the plurality of pieces of first data and the
plurality of pieces of second data according to Formula
(1.19) and Formula (1.20); thus, the voltage output from the
second terminal of the circuit IVC can be regarded as
voltage corresponding to the result of the sum of products of
the plurality of pieces of first data and the plurality of pieces
of second data.

After that, the voltage is input to the first terminal of the
circuit ACF to be used for an arithmetic operation of a
function system defined in advance by the circuit ACF, so
that the arithmetic operation result is output as voltage (or
current, for example) from the wiring NIL.

Structure Example 6 of Semiconductor Device

Described next is a semiconductor device that is capable
of performing a product-sum operation of the plurality of
pieces of first data and the plurality of pieces of second data
and is different from the arithmetic circuit MACS in FIG. 12
and the arithmetic circuit MAC6 in FIG. 16.

Like the arithmetic circuit MAC5 and the arithmetic
circuit MAC6, an arithmetic circuit MAC7 in FIG. 17 is an
example of a semiconductor device capable of performing a
product-sum operation of the plurality of pieces of first data
and the plurality of pieces of second data. The arithmetic
circuit MAC7 is a modification example of the arithmetic
circuit MACS5, and is different from the arithmetic circuit
MACS in that the wiring XBL[1] and the wiring XBL[2] in
the arithmetic circuit MAC5 are combined into one wiring
XBLJ[1,2] and the wiring XBL.[m~1] and the wiring XBL[m]
in the arithmetic circuit MACS5 are combined into one wiring
XBL[m-1,m]. That is, the number of wirings XBL in the
arithmetic circuit MAC7 in FIG. 17 is m/2. Note that in the
arithmetic circuit MAC7 in FIG. 17, m is an even number
greater than or equal to 2.

Thus, the arithmetic circuit MAC7 illustrated in FIG. 17
has a structure in which the memory cell AMw[1], the
memory cell AMr[1], the memory cell AMw][2], and the
memory cell AMr[2] are electrically connected to the wiring
XBLJ[1,2] and the memory cell AMw|[m-1], the memory cell
AMr[m-1], the memory cell AMw[m], and the memory cell
AMr[m] are electrically connected to the wiring XBL[m~-
1,m].

In the memory cell array CA in FIG. 17, the memory cells
are arranged in a matrix of 2m rows and 2 columns as in the
arithmetic circuit MACS5. In FIG. 17, for example, the
memory cell AMul[i] is provided at an address of the 2i-1-th
row and the first column, the memory cell AMwI[i] is
provided at an address of the 2i-th row and the first column,
the memory cell AMx[i] is provided at an address of the
2i-1-th row and the second column, the memory cell AMr[i]
is provided at an address of the 2i-th row and the second
column, the memory cell AMu[i+1] is provided at an address
of the 2i+2-th row and the first column, the memory cell
AMw][i+1] is provided at an address of the 2i+1-th row and
the first column, the memory cell AMx[i+1] is provided at
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an address of the 2i+2-th row and the second column, and
the memory cell AMr[i+1] is provided at an address of the
2i+1-th row and the second column. Note that in the
arithmetic circuit MAC7 in FIG. 17, i is an odd number
greater than or equal to 1 and less than or equal to m.

Thus, the memory cell AMw][i], the memory cell AMrl[i],
the memory cell AMw[i+1], and the memory cell AMr[i+1]
are electrically connected to the wiring XBL[1,j+1], although
not illustrated in FIG. 17.

Next, an operation example of the arithmetic circuit
MAC7 in FIG. 17 is described. Note that refer to the
operation example in the timing chart in FIG. 15 for the
operation example of the arithmetic circuit MAC7, and the
contents not shown in the timing chart will be mainly
described.

The voltages corresponding to the plurality of pieces of
first data are set to V[1] to V{m], and V; [1] to V5 [m]
and Vyp[1] to Vp[m] are defined such that Formula (1.1)
to Formula (1.3) are satisfied. In addition, the memory cell
AMw][1] to the memory cell AMw[m] and the memory cell
AMu[1] to the memory cell AMu[m] retain the respective
voltages Vwx[1] to V;,,[m], and the memory cell AMx[1]
to the memory cell AMx[m] and the memory cell AMr[1] to
the memory cell AMr[m] retain the respective voltages
Vipll] to Viplm].

The voltages corresponding to the plurality of pieces of
second data are setto V1] to Vy[m], and V,[1] 1o V. [m]
and Vp[1] to Vy,[m] are defined such that Formula (1.4) to
Formula (1.6) are satisfied. Note that V,[i] and Vyp[i+1]
are the same voltage, and Vp[i]=Vyp[i+1]=V plisj+1] is
satisfied. When the voltages V1] to V{m] corresponding
to the plurality of pieces of second data are defined in this
manner, the voltages V. [1] to V [m] can be respectively
input to the wiring XAL[1] to the wiring XAL[m] and
Vipll,2] to Vyp[m-1,m] can be respectively input to the
wiring XBL[1,2] to the wiring XBL[m-1,m] in the arith-
metic circuit MAC7.

The voltages Vy [1] to V., [m] are respectively input to
the wiring XAL[1] to the wiring XAL[m] and V,][1,2] to
Vxplm-1,m] are respectively input to the wiring XBL[1,2]
to the wiring XBL[m-1,m] in the arithmetic circuit MAC7
during the period from Time T27 to Time T28, whereby the
product-sum operation of the plurality of pieces of first data
and the plurality of pieces of second data and the arithmetic
operation of a function can be performed, as in the arith-
metic circuit MACS.

The arithmetic circuit MAC7 has a smaller number of
wirings XBL than the arithmetic circuit MACS; thus, the
arithmetic circuit MAC7 can have a smaller circuit area than
the arithmetic circuit MACS. In addition, the number of
voltage signals input to the wirings XBL in the arithmetic
circuit MAC7 is smaller than that in the arithmetic circuit
MACS; thus, the arithmetic circuit MAC7 can have lower
power consumption than the arithmetic circuit MACS5.

Although V ,[i] and V yp[i+1] are the same voltage in the
above description, Vyp[1] to V,g[m] may be the same
voltage (e.g., Vzzp) as described in the operation example of
the arithmetic circuit MACS.

Structure Example 7 of Semiconductor Device

Described next is a semiconductor device that is capable
of performing a product-sum operation of the plurality of
pieces of first data and the plurality of pieces of second data
and is different from the arithmetic circuit MACS in FIG. 12,
the arithmetic circuit MAC6 in FIG. 16, and the arithmetic
circuit MAC7 in FIG. 17.
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Like the arithmetic circuit MACS5, the arithmetic circuit
MAC6, and the arithmetic circuit MAC7, an arithmetic
circuit MACS in FIG. 18 is an example of a semiconductor
device capable of performing a product-sum operation of the
plurality of pieces of first data and the plurality of pieces of
second data. The arithmetic circuit MACS is a modification
example of the arithmetic circuit MACS, and is different
from the arithmetic circuit MACS in that a circuit CSb is
provided in the memory cell array CA.

In the arithmetic circuit MACS illustrated in FIG. 18, the
circuit CSb includes a memory cell AMub, a memory cell
AMwb, a memory cell AMxb, and a memory cell AMrb.
Note that the memory cell AMub corresponds to the memory
cell AMu in each of the circuit CS[1] to the circuit CS[m],
the memory cell AMwb corresponds to the memory cell
AMw in each of the circuit CS[1] to the circuit CS[m], the
memory cell AMxb corresponds to the memory cell AMx in
each of the circuit CS[1] to the circuit CS[m], and the
memory cell AMrb corresponds to the memory cell AMr in
each of the circuit CS[1] to the circuit CS[m].

Next, an operation example of the arithmetic circuit
MACS is described. Note that refer to the operation example
in the timing chart in FIG. 15 for the operation example of
the arithmetic circuit MACS, and the contents not shown in
the timing chart will be mainly described.

The voltages corresponding to the plurality of pieces of
first data are set to V,[1] to V[m], and V,, [1] to V. [m]
and Vyp[1] to Vyp[m] are defined such that Formula (1.1)
to Formula (1.3) are satisfied. In addition, the memory cell
AMw][1] to the memory cell AMw[m] and the memory cell
AMu|[1] to the memory cell AMu[m] retain the respective
voltages V5, [1] to V. [m], and the memory cell AMx[1] to
the memory cell AMx|m] and the memory cell AMr[1] to the
memory cell AMr[m] retain the respective voltages V,5[1]
to Vip[m].

During the period from Time T25 to Time T26 in the
timing chart in FIG. 15, for example, the memory cell AMub
and the memory cell AMwb retain voltage Vy;, , and the
memory cell AMxb and the memory cell AMrb retain
voltage V,, . Moreover, voltage V,, satisfying
VWZ,:VWZ,Q—VWZ,ﬁ is defined.

During the period from Time T27 to Time 128 in the
timing chart in FIG. 15, for example, voltage V,_1is input
to a wiring XALb and voltage VXbﬁ is input to a wiring
XBLb. Moreover, voltage V 4, satisfying V,= XZ,Q—VXZ,ﬁ is
defined.

In that case, assuming that the amounts of current flowing
from the memory cell AMwb and the memory cell AMxb to
the wiring BAL are 1, ., and 1 ,,,.,, respectively, during the
period from Time T28 to Time T29 in the timing chart in
FIG. 15, 1,,,., and 1,,,, can be expressed as 1,,,,,=k
(VWba+VXbI3_Vth)2 and IAbe:k(VWbIS"'VXba_ V,,)?. More-
over, assuming that the amounts of current flowing from the
memory cell AMub and the memory cell AMrb to the wiring
BBL are 1,,,,, and 1 ,,,.,, respectively, 1 ,,,,, and 1 ;,,., can
be expressed as 1,,,,=k(V beX+VXZ,fX—Vth)2 and 1,,,,=k
(VWb|3+VXb|3_Vth)2'

In addition, during the period from Time T28 to Time T29
in the timing chart in FIG. 15, the amount I, of current
flowing from the wiring BAL to the circuit ACTV is as in the
following formula. Here, 1,=1,...,+LirrstLinentlinss 18
satisfied.
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[Formula 22]
” (1.24)
Igy =20k Vil Vil + 1y
=1
= 2hkz Vi lilVx [i] + Lassun + Lassrs = Lanss = Lanswn
=1
= 2hk{z VirliVx [+ (Vs = Visg)(Vitea — Vw)}
=1

Formula (1.24) corresponds to a formula in which a given
value is added to the product-sum result, like Formula
(1.22). This can be used for calculation or the like in which
a bias as a given value is added to the result of a product-sum
operation of a weight coefficient and a signal of a neuron in
an arithmetic operation in a hierarchical neural network, for
example.

For example, the sum of currents flowing from the wiring
BAL to the memory cell AMxb and the memory cell AMwb,
LipsotLassess 1s made larger than the sum of currents flow-
ing from the wiring BBL to the memory cell AMub and the
memory cell AMrb, L,,,.,+ i1 Whereby [, in Formula
(1.24) can be a value less than 0. That is, a given value added
to a product-sum result can be a negative value.

Note that in at least one of the memory cell AMub, the
memory cell AMwb, the memory cell AMxb, and the
memory cell AMrb, the amount of current flowing between
the first terminal and the second terminal of the transistor
M2 may be 0. For example, when the amount of current
flowing between the first terminal and the second terminal of
the transistor M2 in each of the memory cell AMwb, the
memory cell AMxb, and the memory cell AMrb is 0, the
current amount I, in Formula (1.24) can be replaced with
[,=L,s.»- In addition, when the amount of current flowing
between the first terminal and the second terminal of the
transistor M2 in each of the memory cell AMub, the memory
cell AMxb, and the memory cell AMrb is 0, the current
amount [, in Formula (1.24) can be replaced with I,=I, ,,.,-
That is, at the time of setting a given value to be added to
a product-sum operation result, not all the currents flowing
between the first terminals and the second terminals of the
transistors M2 in the memory cell AMub, the memory cell
AMwb, the memory cell AMxb, and the memory cell AMrb
are necessarily used. Thus, in the circuit CSb in the arith-
metic circuit MACS, at least one of the memory cell AMub,
the memory cell AMwb, the memory cell AMxb, and the
memory cell AMrb may be omitted. For example, the circuit
CSb can be a circuit including only the memory cell AMub
and the memory cell AMxb, a circuit including only the
memory cell AMwb and the memory cell AMrb, a circuit
including only the memory cell AMub and the memory cell
AMwb, or a circuit including only the memory cell AMxb
and the memory cell AMrb. For another example, the circuit
CSb can have a structure including any one of the memory
cell AMub, the memory cell AMwb, the memory cell AMxb,
and the memory cell AMrb or a structure in which only one
memory cell selected from the memory cell AMub, the
memory cell AMwb, the memory cell AMxb, and the
memory cell AMrb is not provided.

Note that the semiconductor device of one embodiment of
the present invention is not limited to the arithmetic circuit
MACS to the arithmetic circuit MACS and the like described
in this embodiment. For example, in the case where a
plurality of product-sum operations are performed at the
same time using the same second data, an arithmetic circuit
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MAC9 illustrated in FIG. 19 can be used. The arithmetic
circuit MAC9 has a structure in which the n memory cell
arrays CA (n is an integer greater than or equal to 1) in the
arithmetic circuit MACS in FIG. 12 are provided for every
column.

FIG. 19 illustrates the memory cell array CA[1] to the
memory cell array CA[n], and the memory cell array CA[1]
to the memory cell array CA[n] are collectively referred to
as the memory cell array CAS. Since the arithmetic circuit
MAC9 includes the n memory cell arrays CA, the circuit
CMS includes the circuit CM[1] to the circuit CM[n] as the
n circuits CM, the circuit INT includes the circuit SCI[1] to
the circuit SCI[n] as the n circuits SCI, and the circuit ACTV
includes the circuit ACP[1] to the circuit ACP[n] as the n
circuits ACP in FIG. 19. The arithmetic circuit MAC9
includes the wiring BAL[1] to the wiring BAL[n] corre-
sponding to the wiring BAL in the arithmetic circuit MACS,
the wiring BBL[1] to the wiring BBL[n] corresponding to
the wiring BBL in the arithmetic circuit MACS, the wiring
WADI1] to the wiring WAD[n] corresponding to the wiring
WAD in the arithmetic circuit MACS5, the wiring WBD[1] to
the wiring WBDI[n] corresponding to the wiring WBD in the
arithmetic circuit MACS, and the wiring NIL[1] to the
wiring NIL[n] corresponding to the wiring NIL in the
arithmetic circuit MACS5.

The memory cell array CA[1] is electrically connected to
the wiring BAL[1], the wiring BBL[1], the wiring WAD[1],
the wiring WBDI[1], the wiring XAL[1] to the wiring
XAL[m], the wiring XBL[1] to the wiring XBL[m], and the
wiring WL[1] to the wiring WL[m]. The circuit WDD is
electrically connected to the wiring WAD[1] and the wiring
WBDI[1]. The circuit CM[1] in the circuit CMS is electri-
cally connected to the wiring BAL[1] and the wiring BBL
[1], and the circuit SCI[1] in the circuit INT is electrically
connected to the wiring BAL[1] and the wiring BBL[1] and
the circuit ACP[1] in the circuit ACTV. The circuit ACP[1]
is electrically connected to the wiring NIL[1].

Similarly, the memory cell array CA[n] is electrically
connected to the wiring BAL[n], the wiring BBL[n], the
wiring WAD[n], the wiring WBD[n], the wiring XAL[1] to
the wiring XAL[m], the wiring XBL[1] to the wiring XBL
[m], and the wiring WL[1] to the wiring WL[m]. The circuit
WDD is electrically connected to the wiring WAD[n] and
the wiring WBD[n]. The circuit CM[n] in the circuit CMS
is electrically connected to the wiring BAL[n] and the
wiring BBL[n], and the circuit SCI[n] in the circuit INT is
electrically connected to the wiring BAL[n] and the wiring
BBL[n] and the circuit ACP[n] in the circuit ACTV. The
circuit ACP[n] is electrically connected to the wiring NIL
[n].

The arithmetic circuit MAC9 in FIG. 19 writes the
voltages corresponding to the plurality of pieces of first data
included in the first group to the n-th group to the memory
cell array CA[1] to the memory cell array CA[n], respec-
tively, and then inputs the voltage corresponding to the
second data to the wiring XAL[1] to the wiring XAL[m] and
the wiring XBL[1] to the wiring XBL[m] as in the operation
of the timing chart in FIG. 15, whereby the results of the
product-sum operation of the plurality of pieces of first data
and the plurality of pieces of second data in the first group
to the n-th group can be concurrently output to the wiring
NIL[1] to the wiring NIL[n].

Although this embodiment describes the case where the
transistors included in the arithmetic circuit MACS to the
arithmetic circuit MAC9 are OS transistors or Si transistors,
one embodiment of the present invention is not limited
thereto. The transistors included in the arithmetic circuit
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MACS to the arithmetic circuit MAC9 can each be, for
example, a transistor including Ge or the like in a channel
formation region, a transistor including a compound semi-
conductor such as ZnSe, CdS, GaAs, InP, GaN, or SiGe in
a channel formation region, a transistor including a carbon
nanotube in a channel formation region, or a transistor
including an organic semiconductor in a channel formation
region.

Note that this embodiment can be combined with any of
the other embodiments in this specification as appropriate.

Embodiment 2

Described in this embodiment is an example of an arith-
metic circuit capable of performing a plurality of product-
sum operations at the same time, which is a semiconductor
device of one embodiment of the present invention.

Structure Example 1 of Semiconductor Device

FIG. 20 illustrates a structure example of a semiconductor
device capable of performing a product-sum operation of the
plurality of pieces of first data and the plurality of pieces of
second data. In addition, the semiconductor device illus-
trated in FIG. 20 is capable of performing a plurality of
product-sum operations at the same time, for example.
Furthermore, the semiconductor device in FIG. 20 is capable
of performing an arithmetic operation of a function using
results of the product-sum operations as input values. More-
over, the semiconductor device in FIG. 20 is capable of
performing arithmetic operations of a plurality of functions
at the same time.

Like the arithmetic circuit MACS described in the above
embodiment, an arithmetic circuit MAC10 in FIG. 20 is a
circuit that performs a product-sum operation of the plurality
of pieces of first data retained in a plurality of memory cells
and the plurality of pieces of input second data and performs
an arithmetic operation of a function using the product-sum
operation result. Note that the plurality of pieces of first data
and the plurality of pieces of second data can be analog data
or multilevel data (discrete data), for example.

The arithmetic circuit MAC10 includes, for example, the
memory cell array CA, a circuit CMS1, a circuit CMS2, the
circuit WDD, the circuit XLD, the circuit WLD, the circuit
INT, and the circuit ACTV.

The memory cell array CA includes a circuit CUW[1,1] to
a circuit CUW [m,n] (m and n here are each an integer
greater than or equal to 1) and a circuit CXR[1] to a circuit
CXR[m]. The circuit CUW[1,1] to the circuit CUW[m,n]
each include the memory cell AMu and the memory cell
AMw, and the circuit CXR[1] to the circuit CXR[m] each
include the memory cell AMx and the memory cell AMr.
Although not illustrated in FIG. 20, the memory cell AMu
and the memory cell AMw included in the circuit CUWJij]
(here, 1 is an integer greater than or equal to 1 and less than
or equal to m, and j is an integer greater than or equal to 1
and less than or equal to n) are sometimes respectively
referred to as a memory cell AMul[i,j] and a memory cell
AMw][1,j] in this specification and the like. In addition, the
memory cell AMx and the memory cell AMr included in the
circuit CXR[i] are sometimes respectively referred to as the
memory cell AMx[j] and the memory cell AMrlj] in this
specification and the like.

In the memory cell array CA, the memory cells are
arranged in a matrix of 2m rows and n+1 columns. In FIG.
20, for example, the memory cell AMu[i,j] is provided at an
address of the 2i-1-th row and the j-th column, the memory
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cell AMw[i,j] is provided at an address of the 2i-th row and
the j-th column, the memory cell AMx([i] is provided at an
address of the 2i—1-th row and the n+1-th column, and the
memory cell AMr[i] is provided at an address of the 2i-th
row and the n+1-th column.

The memory cells AMx, the memory cells AMw, the
memory cells AMu, and the memory cells AMr each have a
function of retaining the voltage corresponding to the first
data. Note that the voltage corresponding to the first data can
be, for example, the difference between voltage retained in
the memory cell AMul[i,j] and the memory cell AMw[i,j] and
voltage retained in the memory cell AMx[i] and the memory
cell AMri].

In particular, the memory cells in the first column to the
n-th column in the memory cell array CA respectively retain
voltages corresponding to the plurality of pieces of first data
in the first group to the n-th group. Specifically, for example,
the voltages corresponding to the plurality of pieces of first
data included in the first group are retained in the memory
cell AMu[1,1] to the memory cell AMu[m, 1] and the
memory cell AMw[1,1] to the memory cell AMw|[m,1]
positioned in the first column, and the voltages correspond-
ing to the plurality of pieces of first data included in the n-th
group are retained in the memory cell AMu[l,n] to the
memory cell AMu[m,n] and the memory cell AMw[1,n] to
the memory cell AMw|[m,n] positioned in the n-th column.
In this manner, the voltages corresponding to the plurality of
pieces of first data included in the j-th group are retained in
the memory cell AMu[1,j] to the memory cell AMu[m,j] and
the memory cell AMw[1,j] to the memory cell AMw[m,j]
positioned in the j-th column.

The memory cell AMu[1,1] is electrically connected to
the wiring WADJ[1], a wiring BAP[1], the wiring WL[1], and
the wiring XAL[1]. The memory cell AMw(1, 1] is electri-
cally connected to the wiring WAD[1], a wiring BAN[1], the
wiring WL[1], and the wiring XBL[1]. The memory cell
AMu[1,n] is electrically connected to the wiring WAD|n], a
wiring BAP[n], the wiring WL [1], and the wiring XAL[1].
The memory cell AMw|[1,n] is electrically connected to the
wiring WAD|n], a wiring BAN[n], the wiring WL[1], and
the wiring XBL[1]. The memory cell AMx[1] is electrically
connected to the wiring WBD, a wiring BBP, the wiring
WL[1], and the wiring XAL[1]. The memory cell AMr[1] is
electrically connected to the wiring WBD, a wiring BBN,
the wiring WL[1], and the wiring XBL[1]. The memory cell
AMu[m, 1] is electrically connected to the wiring WAD[1],
the wiring BAP[1], the wiring WL[m], and the wiring
XAL[m]. The memory cell AMw[m, 1] is electrically con-
nected to the wiring WAD/[1], the wiring BAN[1], the wiring
WL[m], and the wiring XBL[m]. The memory cell AMu[m,
n] is electrically connected to the wiring WAD|n], the wiring
BAP[n], the wiring WL[m], and the wiring XAL[m]. The
memory cell AMw[m,n] is electrically connected to the
wiring WAD|n], the wiring BAN[n], the wiring WL[m], and
the wiring XBL[m]. The memory cell AMx[m] is electri-
cally connected to the wiring WBD, the wiring BBP, the
wiring WL[m], and the wiring XAL[m]. The memory cell
AMr[m] is electrically connected to the wiring WBD, the
wiring BBN, the wiring WL[m], and the wiring XBL[m].

The detailed circuit structures of the memory cells AMu
and the memory cells AMw included in the circuit CUW/[1,
1] to the circuit CUW[m,n] and the memory cells AMx and
the memory cells AMr included in the circuit CXR[1] to the
circuit CXR[m] can be similar to those of the memory cells
AMu, the memory cells AMw, the memory cells AMx, and
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the memory cells AMr that can be used in the arithmetic
circuit MACS described in the above embodiment, for
example.

The circuit CMS1 includes a circuit CMA[1] to a circuit
CMA[n] and a circuit CMB, for example. The circuit
CMA[1] is electrically connected to the wiring BAN[1] and
the wiring BAP[1], the circuit CMA [n] is electrically
connected to the wiring BAN[n] and the wiring BAP[n], and
the circuit CMB is electrically connected to the wiring BBN
and the wiring BBP.

The circuit CMA[j] has a function of supplying current to
the memory cell AMu[1,j] to the memory cell AMu[m,j]
through the wiring BAP[j] and a function of supplying
current to the memory cell AMw[1,j] to the memory cell
AMw[m,j] through the wiring BAN[j], for example. Note
that the amount of current flowing through the wiring
BAP[j] and the amount of current flowing through the
wiring BAN[j], which are from the circuit CMA[j], are
preferably equal to each other. Specifically, for example, the
amount of current flowing to the wiring BAP[j] from the
circuit CMAJj]| is preferably greater than or equal to 0.85
times, greater than or equal to 0.9 times, or greater than or
equal to 0.95 times and less than or equal to 1.05 times, less
than or equal to 1.1 times, or less than or equal to 1.15 times
the amount of current flowing to the wiring BAN[j] from the
circuit CMA[j]. Note that the above-described lower limits
and upper limits can be combined with each other.

The circuit CMB has a function of supplying current to
the memory cell AMx[1] to the memory cell AMx[m]
through the wiring BBP and a function of supplying current
to the memory cell AMr[1] to the memory cell AMr[m]
through the wiring BBN, for example. Note that the amount
of current flowing through the wiring BBP and the amount
of current flowing through the wiring BBN, which are from
the circuit CMB, are preferably equal to each other. Spe-
cifically, the amount of current flowing to the wiring BBP
from the circuit CMB is preferably greater than or equal to
0.85 times, greater than or equal to 0.9 times, or greater than
or equal to 0.95 times and less than or equal to 1.05 times,
less than or equal to 1.1 times, or less than or equal to 1.15
times the amount of current flowing to the wiring BBN from
the circuit CMB. Note that the above-described lower limits
and upper limits can be combined with each other.

Note that a specific structure example of the circuit CMS1
will be described later.

The circuit WDD is electrically connected to the wiring
WAD[1] to the wiring WAD|n] and the wiring WBD, for
example. The circuit WDD has a function of transmitting
data to be stored in each memory cell included in the
memory cell array CA. For the circuit WDD, refer to the
above description of the circuit WDD included in the
arithmetic circuit MAC5 described in Embodiment 1.

For the circuit WLD, refer to the above description of the
circuit WLD included in the arithmetic circuit MACS
described in Embodiment 1.

For the circuit XL.D, refer to the above description of the
circuit XLD included in the arithmetic circuit MACS
described in Embodiment 1.

The circuit INT is electrically connected to the wiring
BAP[1] to the wiring BAP[n], the wiring BANJ[1] to the
wiring BAN(n], the wiring BBP, and the wiring BBN, for
example. The circuit INT has a function of inputting a
predetermined voltage to each of the wiring BAP[1] to the
wiring BAP[n], the wiring BAN[1] to the wiring BAN[n],
the wiring BBP, and the wiring BBN, for example. Note that
the voltage can be, for example, a low-level potential, a
ground potential, or the like.
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For a specific structure example, the circuit INT includes
a circuit SCIA[1] to a circuit SCIA[n] and a circuit SCIB.
The circuit SCIA[1] to the circuit SCIA[n] and the circuit
SCIB can each have a structure similar to that of the circuit
SCI included in the circuit INT of the arithmetic circuit
MACS. Specifically, the circuit SCIA[1] to the circuit SCIA
[n] and the circuit SCIB in the circuit INT in FIG. 20 each
have a structure including the switch SW5A and the switch
SW5B. In the circuit SCIA[j], the first terminal of the switch
SW5A is electrically connected to the wiring BANTj], the
second terminal of the switch SW5A is electrically con-
nected to the wiring VSL, the first terminal of the switch
SW5B is electrically connected to the wiring BAP[j], and
the second terminal of the switch SW5B is electrically
connected to the wiring VSL. The control terminal of each
of the switch SW5A and the switch SW5B is electrically
connected to the wiring SL5. Similarly, in the circuit SCIB,
the first terminal of the switch SW5A is electrically con-
nected to the wiring BBN, the second terminal of the switch
SW5A is electrically connected to the wiring VSL, the first
terminal of the switch SW5B is electrically connected to the
wiring BBP, and the second terminal of the switch SW5B is
electrically connected to the wiring VSL. The control ter-
minal of each of the switch SW5A and the switch SW5B is
electrically connected to the wiring SL5.

Note that in this embodiment, each of the switch SW5A
and the switch SW5B is turned on when a high-level
potential is input to the control terminal, and is turned off
when a low-level potential is input to the control terminal.

The wiring SL5 functions as a wiring that supplies voltage
for switching the conducting state and the non-conducting
state of the switch SW5A and the switch SW5B, for
example. Thus, the voltage can be, for example, a high-level
potential or a low-level potential.

The wiring VSL functions as a wiring that supplies a
constant voltage, for example. The constant voltage can be
a low-level potential or a ground potential, for example.

The circuit CMS?2 is electrically connected to the wiring
BANTJ1] to the wiring BAN[n| and the wiring BBN, for
example. The circuit CMS2 has a function of discharging
current flowing through the wiring BBN and a function of
discharging current flowing through each of the wiring
BANTJ1] to the wiring BAN|[n], for example. Note that the
amount of current discharged from the wiring BBN and the
amount of current discharged from each of the wiring
BANTJ1] to the wiring BAN[n] by the circuit CMS2 are
preferably equal to each other. Specifically, for example, the
amount of current flowing from the wiring BBN to the
circuit CMS2 is preferably greater than or equal to 0.85
times, greater than or equal to 0.9 times, or greater than or
equal to 0.95 times and less than or equal to 1.05 times, less
than or equal to 1.1 times, or less than or equal to 1.15 times
the amount of current flowing from the wiring BAN[j] to the
circuit CMS2. Note that the above-described lower limits
and upper limits can be combined with each other.

The circuit ACTV includes the circuit ACP[1] to the
circuit ACP[n], for example. The circuit ACP[1] is electri-
cally connected to the wiring BAN[1] and the wiring NIL
[1], and the circuit ACP[n] is electrically connected to the
wiring BAN[n] and the wiring NIL[n]. The circuit ACP[1]
to the circuit ACP[n] can have a structure similar to that of
the circuit ACP included in the circuit ACTV of the arith-
metic circuit MAC5 described above in Embodiment 1, for
example. Note that although the structure in which the first
terminal of the switch SW4A is electrically connected to the
wiring BAL is illustrated in each of FIG. 4A to FIG. 4C and
FIG. 5A to FIG. 5C, the wiring BAL illustrated in FIG. 4A
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to FIG. 4C and FIG. 5A to FIG. 5C is replaced with the
wiring BAN in the description in this embodiment.

Structure Example of Memory Cell Array CA

Next, structure examples of the memory cell AMu and the
memory cell AMw included in each of the circuit CUW/[1,1]
to the circuit CUW[m,n] and the memory cell AMx and the
memory cell AMr included in each of the circuit CXR[1] to
the circuit CXR[m] in the memory cell array CA are
described.

FIG. 21 is a circuit diagram illustrating a structure
example of the memory cell array CA. The memory cell
array CA has a function of calculating a product-sum of the
plurality of pieces of first data and the plurality of pieces of
second data as in the arithmetic circuit MACS described in
the above embodiment.

The structures of the memory cells AMu, the memory
cells AMw, the memory cells AMx, and the memory cells
AMr illustrated in FIG. 21 are similar to the structures of the
memory cells AMu, the memory cells AMw, the memory
cells AMx, and the memory cells AMr illustrated in FIG. 13.
Thus, for the description of the circuit elements included in
the memory cells AMw, the memory cells AMx, and the
memory cells AMr, refer to the contents of the memory cells
AMu, the memory cells AMw, the memory cells AMx, and
the memory cells AMr described in the above embodiment.

In each of the memory cell AMuli, 1] to the memory cell
AMu[in], the gate of the transistor M1 is electrically con-
nected to the wiring WLJ[i], and the second terminal of the
capacitor C1 is electrically connected to the wiring X AL[i].
In the memory cell AMu[i, 1], the second terminal of the
transistor M1 is electrically connected to the wiring WAD
[1], and the second terminal of the transistor M2 is electri-
cally connected to the wiring BAP[1]. In the memory cell
AMu[i,n], the second terminal of the transistor M1 is
electrically connected to the wiring WAD|n|, and the second
terminal of the transistor M2 is electrically connected to the
wiring BAP[n]. Although not illustrated in FIG. 21, in the
memory cell AMuli,j], the second terminal of the transistor
M1 is electrically connected to the wiring WADJ[j], and the
second terminal of the transistor M2 is electrically con-
nected to the wiring BAP[j]. In addition, in the memory cell
AMu[i,j], an electrical connection portion of the first termi-
nal of the transistor M1, the gate of the transistor M2, and
the first terminal of the capacitor C1 is a node Nuli,j].

In each of the memory cell AMw[i, 1] to the memory cell
AMw][i,n], the gate of the transistor M1 is electrically
connected to the wiring WL[i], and the second terminal of
the capacitor C1 is electrically connected to the wiring
XBLJi]. In the memory cell AMw([i, 1], the second terminal
of the transistor M1 is electrically connected to the wiring
WADI1], and the second terminal of the transistor M2 is
electrically connected to the wiring BAN[1]. In the memory
cell AMw[i,n], the second terminal of the transistor M1 is
electrically connected to the wiring WAD|n|, and the second
terminal of the transistor M2 is electrically connected to the
wiring BAN[n]. Although not illustrated in FIG. 21, in the
memory cell AMw][i,j], the second terminal of the transistor
M1 is electrically connected to the wiring WADJ[j], and the
second terminal of the transistor M2 is electrically con-
nected to the wiring BAN[j]. In addition, in the memory cell
AMw][1,j], an electrical connection portion of the first ter-
minal of the transistor M1, the gate of the transistor M2, and
the first terminal of the capacitor C1 is a node Nw/[i,j].

In the memory cell AMx([i], the gate of the transistor M1
is electrically connected to the wiring WLJ[i], the second
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terminal of the capacitor C1 is electrically connected to the
wiring XALJi], the second terminal of the transistor M1 is
electrically connected to the wiring WBD, and the second
terminal of the transistor M2 is electrically connected to the
wiring BBP. In the memory cell AMx[i], an electrical
connection portion of the first terminal of the transistor M1,
the gate of the transistor M2, and the first terminal of the
capacitor C1 is the node Nx([i].

In the memory cell AMr[i], the gate of the transistor M1
is electrically connected to the wiring WLJ[i], the second
terminal of the capacitor C1 is electrically connected to the
wiring XBL[i], the second terminal of the transistor M1 is
electrically connected to the wiring WBD, and the second
terminal of the transistor M2 is electrically connected to the
wiring BBN. In the memory cell AMr[i], an electrical
connection portion of the first terminal of the transistor M1,
the gate of the transistor M2, and the first terminal of the
capacitor C1 is the node NrJi].

Structure Example of Circuit CMS1

Next, a circuit structure example applicable to the circuit
CMAJ[1] to the circuit CMA[n] and the circuit CMB
included in the circuit CMS1 in FIG. 20 is described.

FIG. 21 illustrates a circuit structure example applicable
to the circuit CMA[1] to the circuit CMA[n] and the circuit
CMB in the circuit CMS1. Specifically, the circuit CMA[1]
to the circuit CMA[n] and the circuit CMB illustrated in
FIG. 21 have the structure of the circuit CM in FIG. 3A.
Thus, for the circuit structure of the circuit CMA[1] to the
circuit CMA[n] and the circuit CMB illustrated in FIG. 21,
the circuit elements included therein, and the like, refer to
the description of the circuit CM in the above embodiment.

In the circuit CMA[1], the second terminal of the switch
SW7A is electrically connected to the wiring BAN[1], and
the second terminal of the switch SW7B is electrically
connected to the wiring BAP[1]. In the circuit CMA[n], the
second terminal of the switch SW7A is electrically con-
nected to the wiring BAN[n], and the second terminal of the
switch SW7B is electrically connected to the wiring BAP
[n]. In the circuit CMA[j], the second terminal of the switch
SW7A is electrically connected to the wiring BAN[j], and
the second terminal of the switch SW7B is electrically
connected to the wiring BAPJ[j], although not illustrated in
FIG. 21. In the circuit CMB, the second terminal of the
switch SW7A is electrically connected to the wiring BBN,
and the second terminal of the switch SW7B is electrically
connected to the wiring BBP.

Structure Example of Circuit CMS2

Next, a circuit structure example of the circuit CMS2 in
FIG. 20 will be described.

The circuit CMS2 in FIG. 20 can have a circuit structure
of the circuit CMS2 illustrated in FIG. 21, for example. The
circuit CMS2 in FIG. 21 includes a switch SW8AJ[1] to a
switch SW8A[n], a switch SW8B, a transistor M6A[1] to a
transistor M6A[n], and a transistor M6B, for example.

A first terminal of the switch SW8A[1] is electrically
connected to the wiring BAN[1] and the circuit ACP[1]
(illustrated in FIG. 20 but not illustrated in FIG. 21), and a
second terminal of the switch SW8A[1] is electrically con-
nected to a first terminal of the transistor M6A[1]. A second
terminal of the transistor M6A[1] is electrically connected to
a wiring VLL. A first terminal of the switch SW8A[n] is
electrically connected to the wiring BAN[n] and the circuit
ACP[n] (illustrated in FIG. 20 but not illustrated in FIG. 21),
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and a second terminal of the switch SW8A [n] is electrically
connected to a first terminal of the transistor M6A[n]. A
second terminal of the transistor M6A[n] is electrically
connected to the wiring VLL. A first terminal of the switch
SW8B is electrically connected to the wiring BBN, and a
second terminal of the switch SW8B is electrically con-
nected to a first terminal of the transistor M6B. A second
terminal of the transistor M6B is electrically connected to
the wiring VLL. A gate of the transistor M6B is electrically
connected to the second terminal of the switch SW8B, the
first terminal of the transistor M6B, and a gate of each of the
transistor M6A[1] to the transistor M6A[n]. A control ter-
minal of each of the switch SW8A[1] to the switch SW8A[n]
and the switch SW8B is electrically connected to a wiring
SLS.

Note that as the switch SW8A[1] to the switch SW8A[n]
and the switch SW8B, for example, a switch that can be used
as the switch SW5A and the switch SW5B can be used. In
this embodiment, each of the switch SW8A and the switch
SW8B is turned on when a high-level potential is input to the
control terminal, and is turned off when a low-level potential
is input to the control terminal.

The wiring SL8 functions as a wiring that supplies voltage
for switching the conducting state and the non-conducting
state of the switch SW8A[1] to the switch SW8A[n] and the
switch SW8B, for example. Thus, the voltage can be, for
example, a high-level potential or a low-level potential.

The wiring VLL functions as a wiring that supplies a
constant voltage, for example. The constant voltage is pref-
erably a low-level potential or a ground potential, for
example.

The transistor M6A[1] to the transistor M6A[n] and the
transistor M6B are each preferably an n-channel transistor,
for example. An OS transistor, a Si transistor, or the like can
be used as each of the transistor M6A[1] to the transistor
M6A([n]| and the transistor M6B, for example. As the OS
transistor, a transistor that can be used as the transistor M1
or the transistor M2 can be used. In the case where a Si
transistor is used as the transistor M6A[1] to the transistor
M6A[n] and the transistor M6B, silicon contained in a
channel formation region of the Si transistor can be, for
example, amorphous silicon (sometimes referred to as
hydrogenated amorphous silicon), microcrystalline silicon,
polycrystalline silicon, single crystal silicon, or the like.

Unless otherwise specified, the transistor M6A[1] to the
transistor M6A[n] and the transistor M6B in the on state may
each operate in a saturation region. In other words, voltages
in the range where the transistor operates in a saturation
region may be appropriately input to the gate, the source,
and the drain of each of the above transistors. However, one
embodiment of the present invention is not limited thereto.
The transistor M6A[1] to the transistor M6A[n] and the
transistor M6B can operate in a linear region in order to
decrease the amplitude value of voltage to be supplied.
Alternatively, the transistor M6A[1] to the transistor M6A
[n] and the transistor M6B can operate in a subthreshold
region in order to reduce the amount of current flowing
through the transistor M6A[1] to the transistor M6A[n] and
the transistor M6B. Alternatively, the transistor M6A[1] to
the transistor M6A[n] and the transistor M6B can operate in
a linear region, in a saturation region, and in a subthreshold
region; both in a linear region and in a saturation region;
both in a saturation region and in a subthreshold region; or
both in a linear region and in a subthreshold region.

The circuit CMS2 in FIG. 21 having the above structure
functions as a current mirror circuit. Specifically, with
reference to the potential of the first terminal of the transistor
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Mé6B (wiring BBN), the circuit CMS2 in FIG. 21 has a
function of supplying current corresponding to the potential
between the source and the drain of each of the transistor
M6A[1] to the transistor M6A[n] and the transistor M6B. In
other words, the circuit CMS2 has a function of supplying
current with the amount, which is almost equal to the
amount of current flowing between the source and the drain
of the transistor M6B, between the source and the drain of
each of the transistor M6A[1] to the transistor M6A[n].

The structure of the circuit CMS2 is not limited to the
structure illustrated in FIG. 21. The structure of the circuit
CMS2 may be a structure in which the transistor M6A[1] to
the transistor M6A[n] and a transistor M7A[1] to a transistor
M7A[n] are respectively cascode-connected and the transis-
tor M6B and a transistor M7B are cascode-connected, as in
the circuit CMS2 illustrated in FIG. 22, for example. Spe-
cifically, the second terminal of the transistor M6A [1] is
electrically connected to a first terminal of the transistor
M7A[1], and a second terminal of the transistor M7A[1] is
electrically connected to the wiring VLL. The second ter-
minal of the transistor M6A[n] is electrically connected to a
first terminal of the transistor M7A[n], and the second
terminal of the transistor M7A[n] is electrically connected to
the wiring VLL. The second terminal of the transistor M6B
is electrically connected to a first terminal of the transistor
M7B, a gate of each of the transistor M7A[1] to the
transistor M7A[n], and a gate of the transistor M7B, and a
second terminal of the transistor M7B is electrically con-
nected to the wiring VLL.. When the transistors included in
the circuit CMS2 are cascode-connected as in the circuit
CMS?2 illustrated in FIG. 22, the operation of the current
mirror circuit of the circuit CMS2 can be more stable.

In the structure of the circuit CMS2, for example, elec-
trical connection portions of the switch SW8A[1] to the
switch SW8A[n] may be changed into those in the circuit
CMS2 illustrated in FIG. 23. Note that FIG. 23 illustrates not
only the circuit CMS2 but also the circuit ACTV in FIG. 4A,
for example. The circuit ACTV in FIG. 23 includes n circuits
ACP. In the circuit CMS2 in FIG. 23, the first terminal of the
switch SW8A[1] is electrically connected to the wiring
BAN][1], and the second terminal of the switch SW8A[1] is
electrically connected to the circuit ACP[1] and the first
terminal of the transistor M6A[1]. In addition, the first
terminal of the switch SW8A[n] is electrically connected to
the wiring BAN[n], and the second terminal of the switch
SW8A[n] is electrically connected to the circuit ACP[n] and
the first terminal of the transistor M6A[n]. The use of the
circuit CMS2 in FIG. 23 as the circuit CMS2 in the
arithmetic circuit MAC10 enables the circuit ACP[1] to the
circuit ACP[n] in the circuit ACTV in FIG. 4A to have a
structure not including the switch SW4A. That is, the switch
SWS8AJ1] to the switch SW8A[n] included in the circuit
CMS2 in FIG. 23 can be made to function as the switch
SW4A included in each of the circuit ACP[1] to the circuit
ACPI[n] in the circuit ACTV in FIG. 4A. The number of
circuit elements can thus be reduced by using the circuit
CMS2 in FIG. 23 as the circuit CMS2 in the arithmetic
circuit MAC10, leading to a reduction in the circuit area of
the arithmetic circuit MAC10 and/or a reduction in power
consumption of the arithmetic circuit MAC10. Although
FIG. 23 illustrates the circuit ACF of FIG. 4A, the circuit
ACEF 1illustrated in FIG. 23 may be that in any of FIG. 4B,
FIG. 4C, FIG. 5A to FIG. 5C, and the like.
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Operation Example of Arithmetic Circuit

Next, an operation example of the arithmetic circuit
MAC10 will be described.

Note that as the memory cell array CA, the circuit CMS1,
the circuit INT, and the circuit CMS2 in the arithmetic
circuit MAC10 here, the memory cell array CA, the circuit
CMS1, the circuit INT, and the circuit CMS2, respectively,
illustrated in FIG. 21 are used. Although not illustrated, the
circuit ACTV in FIG. 4A is used as the circuit ACTV in the
arithmetic circuit MAC10 in FIG. 20.

FIG. 24 and FIG. 25 show timing charts of an operation
example of the arithmetic circuit MAC10. The timing chart
in FIG. 24 shows changes in the potentials of the wiring
WL[1], the wiring WL[m], the wiring SL4, the wiring SL5,
the wiring SL7, and the wiring SL8 at and around Time T31
to Time T39, and the timing chart in FIG. 25 shows changes
in the potentials of the wiring WAD[1], the wiring WAD[n],
the wiring WBD, the wiring XAL[1], the wiring XAL[m],
the wiring XBL[1], the wiring XBL[m], the node Nu[1.1],
the node Nw[1, 1], the node Nu[1,n], the node Nw[1,n], the
node Nx[1], the node Nr[1], the node Nu[m, 1], the node
Nw[m, 1], the node Nu[m,n], the node Nw[m,n], the node
Nx[m], and the node Nr[m] at and around Time T31 to Time
T39. Note that in FIG. 24, a high-level potential is denoted
by High and a low-level potential is denoted by Low. In FIG.
25, a ground potential is denoted by GND.

In this operation example, the voltage supplied from the
wiring VR is a ground potential. Moreover, the voltage
supplied from the wiring VHE is a high-level potential, and
the voltage supplied from the wiring VLL is a ground
potential.

First, the operation example describes the plurality of
pieces of first data retained in the arithmetic circuit MAC10
and the plurality of pieces of second data input to the
arithmetic circuit MAC10.

In this operation example, voltages corresponding to the
m pieces of first data included in the j-th group are retained
in the memory cells AMu and the memory cells AMw
included in the circuit CUW[1,j] to the circuit CUW [m,j]
positioned in the j-th column in the memory cell array CA
in the arithmetic circuit MAC10, for example.

Here, Vy[1,j] to Vy[m,j] are defined as the voltages
corresponding to the m pieces of first data in the j-th group.
In addition, Vy,[ij] is defined such that the following
formula is satisfied. Note that V5 can be a given reference
voltage.

[Formula 23]

Vli, j1=Vweli, 1= Vwsp an

Vlij] is voltage corresponding to the i-th one among the
m pieces of first data included in the j-th group. That is,
Vweli,j] can be regarded as the voltage corresponding to the
i-th one among the m pieces of first data included in the j-th
group.

As will be described in detail later, the memory cells AMu
and the memory cells AMw included in the circuit CUW[1,j]
to the circuit CUW[m,j] positioned in the j-th column in the
memory cell array CA retain V. [1,j] to V. [m,j] as the m
pieces of first data included in the j-th group. Furthermore,
the memory cells AMx and the memory cells AMr included
in the circuit CXR[1] to the circuit CXR[m] positioned in the
n+1-th column in the memory cell array CA each retain V4.
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Next, V,[1] to V,[m] are defined as the voltages corre-
sponding to the m pieces of second data. Specifically, Vil
is defined such that the following formula is satisfied. Note
that Vg can be a given reference voltage.

[Formula 24]

Vxlil = Vo lil - Vxg 2.2)

V[i] is voltage corresponding to the i-th one among the
m pieces of second data. That is, V[i] can be regarded as
the voltage corresponding to the i-th one among the m pieces
of second data.

As will be described in detail later, when the m pieces of
second data are input to the memory cell array CA, V,[1]
to V,, [m] are respectively input to the wiring XAL[1] to the
wiring XAL[m], and Vg is input to each of the wiring
XBL[1] to the wiring XBL[m].
<<Before Time T31>>

Before Time T31, the potentials of the node Nu[1,1] to the
node Nu[m,n], the node Nw[1,1] to the node Nw[m,n], the
node Nx[1] to the node Nx[m], and the node Nr[1] to the
node Nr[m] are each a ground potential.

A low-level potential is input to each of the wiring
WADI1] to the wiring WAD[n] and the wiring WBD from
the circuit WDD (not illustrated in FIG. 21).

The reference potential V4. is input to each of the wiring
XAL[1] to the wiring XAL[m] and the wiring XBL[1] to the
wiring XBL[m] from the circuit XL.D (not illustrated in FIG.
21). Note that V4, can be a potential higher than a ground
potential or a potential lower than a ground potential.

Alow-level potential is input to each of the wiring WL[1]
to the wiring WL[m] from the circuit WLD (not illustrated
in FIG. 21). Thus, the transistors M1 included in all of the
memory cells AMx, the memory cells AMu, the memory
cells AMw, and the memory cells AMr in the memory cell
array CA are turned off.

A low-level potential is input to each of the wiring SL4,
the wiring SL5, the wiring SL7, and the wiring SL8. Thus,
the switch SW4A, the switch SW5A, the switch SW5B, the
switch SW7A, the switch SW7B, the switch SW8A[1] to the
switch SW8A[n], and the switch SW8B are each turned off.
<<From Time T31 to Time T32>>

During the period from Time T31 to Time T32, a high-
level potential is input to the wiring SL5. Thus, the switch
SWS5A and the switch SW5B included in the circuit INT are
each turned on.

When the switch SW5A and the switch SW5B are each
turned on, electrical continuity is established between the
wiring VSL and each of the wiring BAN[1] to the wiring
BANIn], the wiring BAP[1] to the wiring BAP[n], the
wiring BBN, and the wiring BBP, whereby the potential
from the wiring VSL is supplied to each of the wiring
BANT[1] to the wiring BAN[n], the wiring BAP[1] to the
wiring BAP[n], the wiring BBN, and the wiring BBP. Note
that in this operation example, the wiring VSL is a wiring for
supplying an initialization potential to each of the wiring
BANT[1] to the wiring BAN[n], the wiring BAP[1] to the
wiring BAP[n], the wiring BBN, and the wiring BBP, and
the initialization potential is a ground potential. Thus, during
the period from Time T31 to Time T32, the potentials of the
wiring BAN[1] to the wiring BAN[n], the wiring BAP[1] to
the wiring BAP[n], the wiring BBN, and the wiring BBP are
each a ground potential.
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A ground potential is supplied from the wiring VR to the
first terminals of the transistors M2 included in all of the
memory cells AMx, the memory cells AMu, the memory
cells AMw, and the memory cells AMr in the memory cell
array CA; hence, the voltage between the first terminal and
the second terminal of each of the transistors M2 is 0 V. In
addition, since the potentials of the node Nu[1,1] to the node
Nu[m,n], the node Nw[1,1] to the node Nw[m,n], the node
Nx[1] to the node Nx[m], and the node Nr[1] to the node
Nr[m] are each a ground potential, the transistors M2 are
each turned off.
<<From Time T32 to Time T33>>

During the period from Time T32 to Time T33, a high-
level potential is input to the wiring WL[1]. Thus, a high-
level potential is applied to the gates of the transistors M1
included in the memory cell AMu[1,1] to the memory cell
AMu[1,n], the memory cell AMw[1,1] to the memory cell
AMw][1,n], the memory cell AMx[1], and the memory cell
AMr[1] in the memory cell array CA, whereby the transis-
tors M1 are each turned on.

Moreover, during the period from Time T32 to Time T33,
the potentials V;,,[1,1] to V ;[ 1,1n] are respectively input to
the wiring WAD[1] to the wiring WAD|n]. At this time,
when the j-th column in the memory cell array CA is focused
on, the transistor M1 in each of the memory cell AMul[1,j]
and the memory cell AMw[1,j] is in the on state; thus,
electrical continuity is established between the wiring WAD
[j] and the node Nu[m,j] and electrical continuity is estab-
lished between the wiring WADJj]| and the node Nw[1,j].
Hence, the potential V., [1,j] is input to each of the first
terminal of the capacitor C1 in the memory cell AMu[1,j]
(node Nu[1,j]) and the first terminal of the capacitor C1 in
the memory cell AMw([1,j] (node Nw[1,j]). When j is 1, for
example, the potential V. [1,1] is input to each of the first
terminal of the capacitor C1 in the memory cell AMu[1,1]
(node Nu[1,1]) and the first terminal of the capacitor C1 in
the memory cell AMw[1,1] (node Nw[1,1]). When jis n, for
example, the potential V;,[1,n] is input to each of the first
terminal of the capacitor C1 in the memory cell AMu[1,n]
(node Nu[1,n]) and the first terminal of the capacitor C1 in
the memory cell AMw[1,n] (node Nw[1,n]).

Furthermore, during the period from Time T32 to Time
T33, the potential Vs is input to the wiring WBD. At this
time, the transistor M1 in each of the memory cell AMx[1]
and the memory cell AMr[1] is in the on state; thus,
electrical continuity is established between the wiring WBD
and the node Nx[1] and electrical continuity is established
between the wiring WBD and the node Nr[1]. Hence, the
potential V,; is input to each of the first terminal of the
capacitor C1 in the memory cell AMx[1] (node Nx[1]) and
the first terminal of the capacitor C1 in the memory cell
AMr[1] (node Nr[1]).

During the period from Time T32 to Time T33, a low-
level potential has been continuously input to each of the
wiring WL[2] to the wiring WL[m] since before Time T22.
Thus, a low-level potential is applied to the gate of the
transistor M1 included in each of the memory cells AMu, the
memory cells AMw, the memory cells AMx, and the
memory cells AMr in the circuit CUW[2] to the circuit
CUW|[m] and the circuit CXR][2] to the circuit CXR[m] in
the memory cell array CA, so that each transistor M1 is in
the off state. This prevents the data input to each of the
wiring WAD[1] to the wiring WAD[n] and the wiring WBD
from being written to the retention node of the memory cell
included in each of the circuit CUW][2] to the circuit
CUW|[m] and the circuit CXR][2] to the circuit CXR[m].
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<<From Time T33 to Time T34>>

During the period from Time T33 to Time T34, a low-
level potential is input to the wiring WL[1]. Thus, a low-
level potential is applied to the gates of the transistors M1
included in the memory cell AMu[1,1] to the memory cell
AMu[1,n], the memory cell AMw][1, 1] to the memory cell
AMw][1,n], the memory cell AMx[1], and the memory cell
AMr[1] in the memory cell array CA, whereby the transis-
tors M1 are each turned off.

When the j-th column in the memory cell array CA is
focused on, the transistor M1 in each of the memory cell
AMu[1,j] and the memory cell AMw[1,j] is in the off state;
thus, the potential V,[1,j] is retained in each of the first
terminal of the capacitor C1 in the memory cell AMu[1,j]
(node Nu[1,j]) and the first terminal of the capacitor C1 in
the memory cell AMw][1,j] (node Nw[1,j]). When j is 1, for
example, the potential V,,[1,1] is retained in each of the
first terminal of the capacitor C1 in the memory cell AMu
[1,1] (node Nu[1,1]) and the first terminal of the capacitor
C1 in the memory cell AMw[1,1] (node Nw[1,1]). When j is
n, for example, the potential V, [1,n] is retained in each of
the first terminal of the capacitor C1 in the memory cell
AMu[1,n] (node Nu[l,n]) and the first terminal of the
capacitor C1 in the memory cell AMw[1,n] (node Nw[1,n]).
When the transistor M1 in each of the memory cell AMx[1]
and the memory cell AMr|1] is in the off state, the potential
Vyp s retained in each of the first terminal of the capacitor
C1 in the memory cell AMx[1] (node Nx[1]) and the first
terminal of the capacitor C1 in the memory cell AMr[1]
(node Nr[1]).

During the period from Time T33 to Time T34, potentials
are sequentially written to the memory cells AMu, the
memory cells AMw, the memory cells AMx, and the
memory cells AMr in the circuit CUW[2,1] to the circuit
CUW[m-1,n] and the circuit CXR[2] to the circuit CXR
[m-1], as in the operation of writing the potentials to the
memory cells AMu and the memory cells AMw in the circuit
CUWJ1,1] to the circuit CUW[1,n] and the memory cell
AMXx and the memory cell AMr in the circuit CXR[1] during
the period from Time T32 to Time T33. Specifically, for
example, signals making the potentials high level for a
certain period are sequentially input to the wiring WL[2] to
the wiring WL[m-1] and the potentials of the wiring WAD
[1] to the wiring WAD[n] and the wiring WBD are changed
in accordance with the signals, whereby the predetermined
potentials can be written to the memory cells AMu and the
memory cells AMw in the circuit CUW [2,1] to the circuit
CUW[m-1,n] and the memory cells AMx and the memory
cells AMr in the circuit CXR[2] to the circuit CXR[m-1].
Note that Vwx[2, 1] to V5, [m~1.n] are sequentially written
to the memory cell AMu[2,1] to the memory cell AMu[m-
1,n] and the memory cell AMw([2, 1] to the memory cell
AMw|[m-1,n]. Furthermore, V5, is sequentially written to
the memory cell AMx[2] to the memory cell AMx[m-1] and
the memory cell AMr[2] to the memory cell AMr[m-1] in
parallel with the operation of writing the voltages to the
memory cell AMu[2,1] to the memory cell AMu[m-1,n] and
the memory cell AMw][2, 1] to the memory cell AMw[m-
1.n].
<<From Time T34 to Time T35>>

During the period from Time T34 to Time T35, a high-
level potential is input to the wiring WL[m]. Thus, a
high-level potential is applied to the gates of the transistors
M1 included in the memory cell AMu[m, 1] to the memory
cell AMu[m,n], the memory cell AMw[m,1] to the memory
cell AMw[m,n], the memory cell AMx[m], and the memory
cell AMr[m]| in the memory cell array CA, whereby the
transistors M1 are each turned on.
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Moreover, during the period from Time T34 to Time T35,
the potentials V;, [m, 1] to V. [m,n] are respectively input
to the wiring WAD[1] to the wiring WAD[n]. At this time,
when the j-th column in the memory cell array CA is focused
on, the transistor M1 in each of the memory cell AMu[m,j]
and the memory cell AMw[m,j] is in the on state; thus,
electrical continuity is established between the wiring WAD
[j] and the node Nu[m,j] and electrical continuity is estab-
lished between the wiring WADJ[j] and the node Nw[m,j].
Hence, the potential V;, [m,j] is input to each of the first
terminal of the capacitor C1 in the memory cell AMu[m,j]
(node Nu[m,j]) and the first terminal of the capacitor C1 in
the memory cell AMw|[m,j| (node Nw[m,j]). When j is 1, for
example, the potential V;,,[m, 1] is input to each of the first
terminal of the capacitor C1 in the memory cell AMu[m,1]
(node Nu[m, 1]) and the first terminal of the capacitor C1 in
the memory cell AMw[m,1] (node Nw[m,1]). When j is n,
for example, the potential V5, ,[m,n] is input to each of the
first terminal of the capacitor C1 in the memory cell AMu
[m,n] (node Nu[m,n]) and the first terminal of the capacitor
C1 in the memory cell AMw[m,n] (node Nw[m,n]).

Furthermore, during the period from Time T34 to Time
T35, the potential V ;5 is input to the wiring WBD. At this
time, the transistor M1 in each of the memory cell AMx[m]
and the memory cell AMr[m] is in the on state; thus,
electrical continuity is established between the wiring WBD
and the node Nx[m] and electrical continuity is established
between the wiring WBD and the node Nr[m]. Hence, the
potential V,; is input to each of the first terminal of the
capacitor C1 in the memory cell AMx[m] (node Nx[m]) and
the first terminal of the capacitor C1 in the memory cell
AMr[m] (node Nr[m]).

During the period from Time T34 to Time T35, a low-
level potential has been continuously input to each of the
wiring WL[1] to the wiring WL[m-1] since before Time
T34. Thus, a low-level potential is applied to the gate of the
transistor M1 included in each of the memory cells AMu, the
memory cells AMw, the memory cells AMx, and the
memory cells AMr in the circuit CUW[1] to the circuit
CUW|[m-1] and the circuit CXR][1] to the circuit CXR[m-1]
in the memory cell array CA, so that each transistor M1 is
in the off state. This prevents the data input to each of the
wiring WAD[1] to the wiring WAD[n] and the wiring WBD
from being written to the retention node of the memory cell
included in each of the circuit CUW[1] to the circuit
CUW|[m-1] and the circuit CXR[1] to the circuit CXR[m-
1].
<<From Time T35 to Time T36>>

During the period from Time T35 to Time T36, a low-
level potential is input to the wiring WL[m]. Thus, a
low-level potential is applied to the gates of the transistors
M1 included in the memory cell AMu[m, 1] to the memory
cell AMu[m,n], the memory cell AMw[m, 1] to the memory
cell AMw[m,n], the memory cell AMx[m], and the memory
cell AMr[m]| in the memory cell array CA, whereby the
transistors M1 are each turned off.

When the j-th column in the memory cell array CA is
focused on, the transistor M1 in each of the memory cell
AMu[m,j]| and the memory cell AMw[m,j] is in the off state;
thus, the potential V; [m,j] is retained in each of the first
terminal of the capacitor C1 in the memory cell AMu[m,j]
(node Nu[m,j]) and the first terminal of the capacitor C1 in
the memory cell AMw|[m,j| (node Nw[m,j]). When j is 1, for
example, the potential V,[m, 1] is retained in each of the
first terminal of the capacitor C1 in the memory cell AMu
[m,1] (node Nu[m,1]) and the first terminal of the capacitor
C1 in the memory cell AMw[m,1] (node Nw[m, 1]). When
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j is n, for example, the potential V, [m.n] is retained in each
of the first terminal of the capacitor C1 in the memory cell
AMu[m,n] (node Nu[m,n]) and the first terminal of the
capacitor C1 in the memory cell AMw[m,n] (node Nw[m,
n]). When the transistor M1 in each of the memory cell
AMx|m] and the memory cell AMr[m] is in the off state, the
potential V ;5[m] is retained in each of the first terminal of
the capacitor C1 in the memory cell AMx[m| (node Nx[m])
and the first terminal of the capacitor C1 in the memory cell
AMr[m] (node Nr[m]).

By the operation from Time T31 to Time T36, the voltage
corresponding to the first data can be written to each of the
memory cells AMx, the memory cells AMu, the memory
cells AMw, and the memory cells AMr included in the
memory cell array CA.
<<From Time T36 to Time T37>>

During the period from Time T36 to Time T37, a low-
level potential is input to the wiring SL5. Thus, the switch
SWS5A and the switch SW5B in the circuit INT are each
turned off.
<<From Time T37 to Time T38>>

During the period from Time T37 to Time T38, V,[1] to
Vi [m] as the potentials corresponding to the m pieces of
second data are respectively input to the wiring XAL[1] to
the wiring XAL[m]. When the i-th column in the memory
cell array CA is focused on, for example, the potential V. [i]
is input to the wiring XAL[i] from the circuit XLD.

The potential of the wiring XAL[i] increases from a
ground potential to V,[i]; thus, V[i] is applied to the
second terminal of the capacitor C1 in each of the memory
cell AMu][i,1] to the memory cell AMu[i,n] and the memory
cell AMx[i]. Since the node Nu[i, 1] to the node Nu[i,n] and
the node Nx[i] are each in an electrically floating state at this
time, the potentials of the node Nu[i, 1] to the node Nu[i,n]
and the node Nx[i] are each changed by capacitive coupling
of the capacitor C1.

In each of the memory cell AMuli, 1] to the memory cell
AMu[i,n] and the memory cell AMx[i], the amount of
increase in the gate potential of the transistor M2 is a
potential obtained by multiplying a change in the potential
of the wiring XAL[i] by a capacitive coupling coeflicient
determined by the memory cell structure. The capacitive
coupling coefficient is calculated using the capacitance of
the capacitor C1, the gate capacitance of the transistor M2,
the parasitic capacitance, and the like. In this operation
example, the capacitive coupling coefficient of each of the
memory cells AMu and the memory cell AMXx is set to h.

Thus, when a change in the potential of the wiring X AL[i]
18 V[i], a change in the potential of each of the node Nuli,
1] to the node Nu[in] and the node Nx[i] is hV y[i]. In that
case, the potential of the node Nu[ij] is V - [1,]]+hV x[1],
and the potential of the node Nx[i] is Vp+hV [i].

For example, when i is 1 and j is 1, the potential of the
node Nu[1,1] is V. [1,1]+hV[1]; when i is 1 and j is n,
the potential of the node Nu[l,n] is Vi [1,n]+hV, [1];
when i is m and j is 1, the potential of the node Nu[m, 1] is
Ve lm,1]+hV . [m]; and when i is m and jis n, the potential
of the node Nu[m,n] is V,,[m,n]+hV, [m]. For another
example, when 1 is 1, the potential of the node Nx[1] is
Vyup+hV i [1]; and when i is m, the potential of the node
Nx[n] is Vyp+hV . [n].

In this operation example, the capacitive coupling coef-
ficient in the memory cells AMw and the memory cells AMr
as well as the memory cells AMu and the memory cells AMx
included in the memory cell array CA is described as h.

During the period from Time T37 to Time T38, V4, as the
potential is input to each of the wiring XBL[1] to the wiring
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XBL[m]. Assuming that i is an integer greater than or equal
to 1 and less than or equal to m here, the potential Vg is
input to the wiring XBL[i] from the circuit XLD.

The potential of the wiring XBL[i] increases from a
ground potential to Vg[i]; thus, Vg is applied to the second
terminal of the capacitor C1 in each of the memory cell
AMwI[i,1] to the memory cell AMw[i,n] and the memory
cell AMrl[i]. Since the node Nw[i, 1] to the node Nw[i,n] and
the node Nr[i] are each in an electrically floating state at this
time, the potentials of the node Nw[i,1] to the node Nw[in]
and the node Nr[i] are each changed by capacitive coupling
of the capacitor C1.

Thus, when a change in the potential of the wiring XBL[i]
is Vg, a change in the potential of each of the node Nwl[i,
1] to the node Nw([i,n] and the node Nr[i] is hV . In that
case, the potential of the node Nw[i,j] is Vyy,[1,j1+hV yp, and
the potential of the node Nr[i] is Vyp+hV .

For example, when i is 1 and j is 1, the potential of the
node Nw[1,1] is Vy,,,[1,1]+hV5; when i is 1 and j is n, the
potential of the node Nw[1,n] is Vy,,[1.n]+hV5; when i is
m and j is 1, the potential of the node Nw[m, 1] is
Violm,1]+hVq; and when i is m and j is n, the potential of
the node Nw[m,n] is V,,[m,n]+hV 4. For another example,
when i is 1, the potential of the node Nr[1] is V,5+hV
and when i is m, the potential of the node Nr[n] is Vy,g+
hV .
<<From Time T38 to Time T39>>

During the period from Time T38 to Time T39, a high-
level potential is input to the wiring SL4, the wiring SL7,
and the wiring SL8. Thus, the switch SW7A and the switch
SW7B in the circuit CMS1, the switch SW4A in the circuit
ACTY, and the switch SW8A[1] to the switch SW8A[n] and
the switch SW8B in the circuit CMS2 are each turned on.

At this time, electrical continuity is established between
the second terminal of the transistor M2 included in each of
the memory cell AMx[1] to the memory cell AMx[m] and
the first terminal of the transistor M3B included in the circuit
CMB through the wiring BBP. In addition, electrical conti-
nuity is established between the second terminal of the
transistor M2 included in each of the memory cell AMr[1]
to the memory cell AMr[m] and the first terminal of the
transistor M3A included in the circuit CMB and the first
terminal of the transistor M6B in the circuit CMS2 through
the wiring BBN.

Thus, the total amount [, of current flowing from the
wiring BBP to the second terminals of the transistors M2 in
the memory cell AMx[1] to the memory cell AMx[m] can be
expressed by the following formula according to Formula
(1.9).

[Formula 25]

m (2.3)
L=k) (Viwg + hVxalil = Vi )?
=1

The total amount I, of current flowing from the wiring
BBN to the second terminals of the transistors M2 in the
memory cell AMr[1] to the memory cell AMr[m] can be
expressed by the following formula according to Formula
(1.18).
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[Formula 26]

m 2.4
L =kY (Vg + Vg = Va)?
=1

Electrical continuity is established between the wiring
BBP and the first terminal of the transistor M3B in the circuit
CMB; thus, the circuit CMB supplies current with the
amount L, to the wiring BBP as the sum of currents flowing
through the second terminals of the transistors M2 in the
memory cell AMx[1] to the memory cell AMx[m]. Since the
circuit CMB has a current mirror circuit structure, the circuit
CMB supplies the current with the amount I, to the wiring
BBN.

At this time, electrical continuity is established between
the wiring BBN and the first terminal of the transistor M6B
in the circuit CMS2; thus, current with the amount [ I,
flows from the wiring BBN to the first terminal of the
transistor M6B in the circuit CMS2. Note that here, [ -1, is
a value greater than or equal to 0.

Here, the memory cells in the j-th column in the memory
cell array CA are focused on. During the period from Time
T38 to Time T39, electrical continuity is established
between the second terminal of the transistor M2 included in
each of the memory cell AMu[l,j] to the memory cell
AMu[m.j] and the first terminal of the transistor M3B
included in the circuit CMA[j] through the wiring BAP[j]. In
addition, electrical continuity is established between the
second terminal of the transistor M2 included in each of the
memory cell AMw[1,j] to the memory cell AMw[m,j] and
the first terminal of the transistor M3A included in the circuit
CMAJj] and the first terminal of the transistor M6AJj]
included in the circuit CMS2 through the wiring BAN[j].

Thus, assuming that the total amount of current flowing
from the wiring BAP[j] to the second terminals of the
transistors M2 in the memory cell AMu[1,j] to the memory
cell AMx[m,j] is L,[j], L,[j] can be expressed by the follow-
ing formula according to Formula (1.15).

[Formula 27]

] (2.5)
LI =k Fwalis ]I+ 1V xalil = Vir)?
=1

Assuming that the total amount of current flowing from
the wiring BAN([j] to the second terminals of the transistors
M2 in the memory cell AMw[l,j] to the memory cell
AMw[m,j] is L [j]. L,[j] can be expressed by the following
formula according to Formula (1.12).

[Formula 28]

m (2.6)
LA =k Fwali J1+ Vg = Vi
=1

Electrical continuity is established between the wiring
BAP[j] and the first terminal of the transistor M3B in the
circuit CMA[j]; thus, the circuit CMA[j] supplies current
with the amount [ [j] to the wiring BAP[j] as the sum of
currents flowing through the second terminals of the tran-
sistors M2 in the memory cell AMu[1,j] to the memory cell
AMu[m,j]. Since the circuit CMA[j] has a current mirror
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circuit structure, the circuit CMA[j] supplies the current
with the amount [[j] to the wiring BANJj].

Electrical continuity is established between the wiring
BANTj] and the first terminal of the transistor M6A[j] in the
circuit CMS2. Since the circuit CMS2 has a current mirror
circuit structure, the current with the amount [ I flows
from the wiring BAN[j] to the circuit CMS2.

At this time, assuming that the amount of current flowing
from the wiring BAN[j] to the circuit ACP[j] is Iy [j], Izolj]
can be expressed by the following formula with the use of
Formula (2.1) to Formula (2.6).

[Formula 29]
Igyljl = LI+ L — I, = L[]

=2k Wli, IVx[i]
=1

Q.7

According to Formula (2.7), the amount I [j] of current
input from the wiring BANT[j] to the circuit ACP[j] in the
circuit ACTV is proportional to the product-sum of the
potentials V,,[1] to V,[m] corresponding to the plurality of
pieces of first data in the j-th group and the potentials V,[1]
to Vy[m] corresponding to the second data. That is, the
product-sum of the plurality of pieces of first data and the
plurality of pieces of second data in the j-th group can be
expressed as the amount I [j] of current.

The current with I, flowing through the first terminal of
the circuit IVC included in the circuit ACTV enables the
voltage corresponding to I, to be output to the third
terminal of the circuit IVC. After that, the voltage is input to
the first terminal of the circuit ACF to be used for an
arithmetic operation of a function system defined in advance
by the circuit ACF, so that the arithmetic operation result is
output as voltage (or current, for example) from the wiring
NIL[j].

In the above, the j-th column in the memory cell array CA
is focused on and the product-sum operation of the plurality
of pieces of first data and the plurality of pieces of second
data in the j-th group and the arithmetic operation of a
function system using the product-sum operation result are
described; however, since the wiring SL4, the wiring SL5,
the wiring SL7, the wiring SL8, and the like in the arithmetic
circuit MAC10 in FIG. 20 are electrically connected to the
circuit elements such as the switches in the corresponding
columns, the product-sum operations in the first column to
the n-th column and the arithmetic operations of function
systems using the product-sum operation results can be
concurrently performed in the respective columns. That is,
the arithmetic circuit MAC10 is capable of concurrently
performing the product-sum operations of the plurality of
pieces of first data and the plurality of pieces of second data
included in the first group to the n-th group, and concur-
rently supplying currents with Iz, [1] to I [n] as the prod-
uct-sum operation results to the wiring BAN[1] to the wiring
BANI[n], respectively. When the currents with I, [1] to
IzyIn] are respectively supplied to the circuit ACP[1] to the
circuit ACP[n], voltages (or currents, for example) corre-
sponding to the product-sum operation results (I, [1] to
IIn]) can be output from the wiring NIL[1] to the wiring
NIL[n].

Structure Example 2 of Semiconductor Device

In the case where the sum of currents flowing from the
wiring BBN to the second terminals of the transistors M2 in
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the memory cell AMr[1] to the memory cell AMr[m] is
larger than the sum of currents flowing from the wiring BBP
to the second terminals of the transistors M2 in the memory
cell AMx[1] to the memory cell AMx[m] in the n+1-th
column in the structure of the arithmetic circuit MAC10
illustrated in FIG. 20 and FIG. 21, i.e., in the case where the
amount I of current supplied to the wiring BBN from the
circuit CMB and the sum I, of currents flowing from the
wiring BBN to the second terminals of the transistors M2 in
the memory cell AMr[1] to the memory cell AMr[m] have
the relationship of [ —I,<0, no current flows between the first
terminal and the second terminal of the transistor M6B in the
circuit CMS2. Thus, current is not drawn from each of the
wiring BAN[1] to the wiring BAN[n] by the circuit CMS2.
Hence, in the case where [,.—I,<0 is satisfied in the product-
sum operation, the circuit structure of the arithmetic circuit
MAC10 illustrated in FIG. 20 and FIG. 21 needs to be
changed.

An arithmetic circuit MAC11 illustrated in FIG. 26 is an
example of a circuit structure that enables a product-sum
operation even in the case where I —I <0 is satisfied. Note
that the arithmetic circuit MACI1 is also a modification
example of the arithmetic circuit MAC10; thus, description
of portions common to the arithmetic circuit MAC11 and the
arithmetic circuit MAC10 is sometimes omitted.

In the arithmetic circuit MACI11 in FIG. 26, the circuit
CMS1 includes a circuit CMC in addition to the circuit
CMA[1] to the circuit CMA[n] and the circuit CMB. The
circuit CMC is electrically connected to the wiring BAN[1]
to the wiring BAN[n] and the wiring BBN, for example. The
circuit CMC has a function of supplying current to the
memory cell AMr[1] to the memory cell AMr[m] through
the wiring BBN and a function of supplying current to each
of the wiring BAN[1] to the wiring BAN[n], for example.
Note that the amount of current flowing through the wiring
BBN and the amount of current flowing through each of the
wiring BAN[1] to the wiring BAN[n], which are from the
circuit CMC, are preferably equal to each other. Specifically,
the amount of current flowing to the wiring BBN from the
circuit CMC is preferably greater than or equal to 0.85 times,
greater than or equal to 0.9 times, or greater than or equal to
0.95 times and less than or equal to 1.05 times, less than or
equal to 1.1 times, or less than or equal to 1.15 times the
amount of current flowing to the wiring BAN[j] (j is an
integer greater than or equal to 1 and less than or equal to n)
from the circuit CMC. Note that the above-described lower
limits and upper limits can be combined with each other.

In addition, in the arithmetic circuit MACI1 in FIG. 26,
the circuit CMB is electrically connected to a wiring BBP1
and a wiring BBP2. The circuit CMB has a function of
supplying current to the memory cell AMx[1] to the memory
cell AMx[m] through the wiring BBP1 and a function of
supplying current to the wiring BBP2, for example. Note
that the amount of current flowing through the wiring BBP1
and the amount of current flowing through the wiring BBP2,
which are from the circuit CMB, are preferably equal to each
other. Specifically, the amount of current flowing to the
wiring BBP1 from the circuit CMB is preferably greater
than or equal to 0.85 times, greater than or equal to 0.9 times,
or greater than or equal to 0.95 times and less than or equal
to 1.05 times, less than or equal to 1.1 times, or less than or
equal to 1.15 times the amount of current flowing to the
wiring BBP2 from the circuit CMB. Note that the above-
described lower limits and upper limits can be combined
with each other.

Moreover, in the arithmetic circuit MAC11 in FIG. 26, the
circuit CMS2 is electrically connected to the wiring BAN[1]
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to the wiring BAN[n] and the wiring BBP2, for example.
Note that the arithmetic circuit MACI11 in FIG. 26 is
different from the arithmetic circuit MAC10 in that current
does not directly flow from the wiring BBN to the circuit
CMS2. The circuit CMS2 has a function of discharging
current flowing through the wiring BBP2 and a function of
discharging current flowing through each of the wiring
BANTJ1] to the wiring BAN[n], for example. Note that the
amount of current discharged from the wiring BBP2 and the
amount of current discharged from each of the wiring
BANTJ1] to the wiring BAN[n] by the circuit CMS2 are
preferably equal to each other. Specifically, the amount of
current flowing from the wiring BBP2 to the circuit CMS2
is preferably greater than or equal to 0.85 times, greater than
or equal to 0.9 times, or greater than or equal to 0.95 times
and less than or equal to 1.05 times, less than or equal to 1.1
times, or less than or equal to 1.15 times the amount of
current flowing from the wiring BAN[j] (j is an integer
greater than or equal to 1 and less than or equal to n) to the
circuit CMS2. Note that the above-described lower limits
and upper limits can be combined with each other.

FIG. 27 illustrates a circuit structure example applicable
to the circuit CMS1 and the circuit CMS2 in the arithmetic
circuit MAC11 in FIG. 26. Note that for the structures of the
memory cell AMuli, 1] to the memory cell AMu[i,n], the
memory cell AMw/[i, 1] to the memory cell AMw([i,n], the
memory cell AMx([i], and the memory cell AMr[i], refer to
the structures of the memory cell AMul[i, 1] to the memory
cell AMulin], the memory cell AMw][i,1] to the memory cell
AMw/[in], the memory cell AMx[i], and the memory cell
AMr[i] in FIG. 21.

The circuit CMA[1] to the circuit CMA[n] and the circuit
CMB in the circuit CMS1 in FIG. 27 have the structures of
the circuit CMA[1] to the circuit CMA[n] and the circuit
CMB in FIG. 21. Thus, for the circuit structures of the circuit
CMA[1] to the circuit CMA[n] and the circuit CMB illus-
trated in FIG. 27, the circuit elements included therein, and
the like, refer to the above description of the circuit CMA[1]
to the circuit CMA[n] and the circuit CMB included in the
arithmetic circuit MAC10.

The circuit CMC in the circuit CMS1 in FIG. 27 includes
a switch SW7C[1] to a switch SW7C|[n], a switch SW7D, a
transistor M8A[1] to a transistor M8A[n], and a transistor
M8B, for example. A first terminal of the transistor M8A[1]
is electrically connected to the wiring VHE, a second
terminal of the transistor M8A[1] is electrically connected to
a first terminal of the switch SW7C[1], and a second
terminal of the switch SW7C[1] is electrically connected to
the wiring BAN[1]. A first terminal of the transistor M8A[n]
is electrically connected to the wiring VHE, a second
terminal of the transistor M8A [n] is electrically connected
to a first terminal of the switch SW7C[n], and a second
terminal of the switch SW7C|n] is electrically connected to
the wiring BAN[n]. A first terminal of the transistor M8B is
electrically connected to the wiring VHE, a second terminal
of the transistor M8B is electrically connected to a gate of
each of the transistor M8A[1] to the transistor M8A[n], a
gate of the transistor M8B, and a first terminal of the switch
SW7D, and a second terminal of the switch SW7D is
electrically connected to the wiring BBN. A control terminal
of each of the switch SW7CJ[1] to the switch SW7C|[n] and
the switch SW7D is electrically connected to the wiring
SL7.

Although not illustrated in FIG. 27, a first terminal of the
transistor M8A[j] is electrically connected to the wiring
VHE, a second terminal of the transistor M8A[j] is electri-
cally connected to a first terminal of the switch SW7CJ[j],
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and a second terminal of the switch SW7CJj] is electrically
connected to the wiring BAN[j] in the circuit CMC. A gate
of the transistor M8A[j] is electrically connected to the gate
of the transistor M8B. A control terminal of the switch
SW7C][j] is electrically connected to the wiring SL7.

Note that the transistor M8A[1] to the transistor M8A[n]
and the transistor M8B are preferably p-channel transistors,
for example. As the transistor M8A[1] to the transistor
MS8A[n] and the transistor M8B, transistors that can be used
as the transistor M3A and the transistor M3B can be used,
for example.

As the switch SW7C[1] to the switch SW7C[n] and the
switch SW7D, for example, a switch that can be used as the
switch SW7A or the switch SW7B can be used.

Since the wiring SL7 is electrically connected to the
control terminal of each of the switch SW7C[1] to the switch
SW7C|n] and the switch SW7D, switching of the on state
and the off state of the switch SW7C[1] to the switch
SW7C[n] and the switch SW7D is synchronized with
switching of the on state and the off state of the switch
SW7A and the switch SW7B included in each of the circuit
CMA[1] to the circuit CMA[n] and the circuit CMB. Thus,
when the switch SW7A and the switch SW7B are in one of
the on state and the off state, the switch SW7C[1] to the
switch SW7C[n] and the switch SW7D are each in the one
of the on state and the off state.

In the circuit CMS2 in FIG. 27, the first terminal of the
switch SW8B is electrically connected to the wiring BBP2.
That is, unlike the arithmetic circuit MAC10 in FIG. 21, the
arithmetic circuit MAC11 in FIG. 27 has a structure in which
current flows to the circuit CMS2 not from the wiring BBN
but from the wiring BBP2.

Here, the operation at the time when the potentials cor-
responding to the first data are retained in the memory cells
AMu, the memory cells AMw, the memory cells AMx, and
the memory cells AMr in the memory cell array CA and the
second data is input to each of the wiring XAL[1] to the
wiring XAL[m] and the wiring XBL[1] to the wiring XBL
[m] is considered.

Specifically, the operation from Time T31 to Time T39 in
the timing charts in FIG. 24 and FIG. 25 is performed also
in the arithmetic circuit MACI11 in FIG. 26 and FIG. 27.
Thus, in the arithmetic circuit MACI11, the memory cell
AMu[i,j] and the memory cell AMw(i,j] each retain V5, [1,j]
and the memory cell AMx[i] and the memory cell AMrli]
each retain V 5[i] during the period from Time T31 to Time
T36. In addition, in the arithmetic circuit MACI11, V. [1] to
V yolm] are respectively input to the wiring XAL[1] to the
wiring XAL[m] and V,, is input to each of the wiring
XBLJ[1] to the wiring XBL[m] during the period from Time
T37 to Time T38.

After that, through the operation from Time T38 to Time
T39, the arithmetic circuit MACI11 outputs current corre-
sponding to the result of the product-sum operation of the m
pieces of first data and the m pieces of second data in each
of the first group to the n-th group from the wiring NIL[1]
to the wiring NIL[n].

Specifically, a plurality of switches SW7A, a plurality of
switches SW7B, the switch SW7C[1] to the switch SW7C
[n], the switch SW7D, the switch SW8A[1] to the switch
SW8A|n], and the switch SW8B included in the circuit
CMSI1 are each turned on and a plurality of switches SW5A
and a plurality of switches SW5B included in the circuit INT
are each turned off; so that the memory cells included in the
memory cell array CA, the circuit CMA[1] to the circuit
CMA[n], the circuit CMB, the circuit CMC, and the circuit
CMS?2 supply current to the wiring BAN[1] to the wiring
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BANJn], the wiring BAP[1] to the wiring BAP[n], the
wiring BBN, the wiring BBP1, and the wiring BBP2. The
details will be described below.

The circuit CMB in FIG. 27 having the above structure
functions as a current mirror circuit. Specifically, with
reference to the potential of the wiring BBP1, the circuit
CMB in FIG. 27 has a function of supplying current with the
amount, which is almost equal to the amount of current
flowing between the source and the drain of the transistor
M3B, between the source and the drain of the transistor
M3A.

Thus, the sum I of currents flowing through the second
terminals of the transistors M2 in the memory cell AMx[1]
to the memory cell AMx[m] positioned in the n+1-th column
is supplied from the circuit CMB through the wiring BBP1.
The wiring BBP2 is supplied with the current with the
amount I, from the circuit CMB.

The circuit CMS2 in FIG. 27 having the above structure
also functions as a current mirror circuit. Specifically, with
reference to the potential of the wiring BBP2, the circuit
CMS?2 in FIG. 27 has a function of supplying current with
the amount, which is almost equal to the amount of current
flowing between the source and the drain of the transistor
M6B, between the source and the drain of each of the
transistor M6A[1] to the transistor M6A[n].

Since the current with the current amount I, flows from
the wiring BBP2 to the second terminal of the transistor
MB6B in the circuit CMS2, the current with the amount I,
flows between the source and the drain of each of the
transistor M6A[1] to the transistor M6A[n]. Thus, the cur-
rent with L. flows to the circuit CMS2 from each of the
wiring BAN[1] to the wiring BAN[n].

The circuit CMC in FIG. 27 having the above structure
functions as a current mirror circuit. Specifically, with
reference to the potential of the second terminal of the
transistor M7D (wiring BBN), the circuit CMC in FIG. 27
has a function of supplying current corresponding to the
potential between the source and the drain of each of the
transistor M8A[1] to the transistor M8A[n] and the transistor
MS8B. In other words, the circuit CMC has a function of
supplying current with the amount, which is almost equal to
the amount of current flowing between the source and the
drain of the transistor M8B, between the source and the
drain of each of the transistor M7A[1] to the transistor
M7A[n].

The sum I, of currents flowing through the second termi-
nals of the transistors M2 in the memory cell AMr[1] to the
memory cell AMr[m] positioned in the n+1-th column is
supplied from the circuit CMC through the wiring BBN.
Thus, the wiring BAN[1] to the wiring BAN[n] are supplied
with the current with the amount I, from the circuit CMC.

The circuit CMA[1] to the circuit CMA[n] in FIG. 27
having the above structure each function as a current mirror
circuit. When the j-th column is focused on, for example,
with reference to the potential of the wiring BAP[j], the
circuit CMA[j] has a function of supplying current with the
amount, which is almost equal to the amount of current
flowing between the source and the drain of the transistor
M3B, between the source and the drain of the transistor M3.

The sum L,[j] of currents flowing through the second
terminals of the transistors M2 in the memory cell AMu[1,j]
to the memory cell AMu[m,j] positioned in the j-th column
is supplied from the circuit CMA[j] through the wiring
BAPJ[j]. Thus, the wiring BANTJj] is supplied with the current
with the amount I, [j] from the circuit CMAJj].

Assuming that the total amount of current flowing from
the wiring BANJj] to the second terminals of the transistors
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M2 in the memory cell AMw[1,j] to the memory cell
AMw[m,j] in the j-th column is I [j], the amount I;,[j] of
current flowing through the wiring BAN][j] can be expressed
by the same formula as Formula (2.7).

Unlike the arithmetic circuit MAC10, the arithmetic cir-
cuit MAC11 has a structure in which the current with I, is
supplied to the wiring BANJ[1] to the wiring BAN|[n] using
the circuit CMC and thus can perform a product-sum
operation even though 1. and I, have the relationship of
1.-1,<0.

Note that the structure of the circuit CMC is not limited
to the structure illustrated in FIG. 27. Like the circuit CMS
illustrated in FIG. 3B, the circuit CMS2 in FIG. 22, and the
like, the circuit CMC may include a transistor (not illus-
trated) for cascode-connecting the transistor M8A[1] to the
transistor M8A[n] and the transistor M8B, for example.
Cascode-connecting the transistor M8A[1] to the transistor
M8A[n] and the transistor M8B can further stabilize the
operation of the current mirror circuit of the circuit CMC.

Structure Example 3 of Semiconductor Device

The semiconductor device of one embodiment of the
present invention is not limited to the arithmetic circuit
MAC10 illustrated in FIG. 20 and FIG. 21 or the arithmetic
circuit MACI11 illustrated in FIG. 26 and FIG. 27. For
example, the semiconductor device of one embodiment of
the present invention may have a circuit structure changed
from that of the arithmetic circuit MAC10 or the arithmetic
circuit MAC11.

An arithmetic circuit MAC12 illustrated in FIG. 28 is a
modification example of the arithmetic circuit MAC10 illus-
trated in FIG. 20, and has the structure in which the wiring
XBL[1] and the wiring XBL[2] are combined into one
wiring XBL[1,2] and the wiring XBL[m-1] and the wiring
XBL[m] are combined into one wiring XBL[m-1,m], like
the arithmetic circuit MACT7 illustrated in FIG. 17. That is,
the number of wirings XBL in the arithmetic circuit MAC12
in FIG. 28 is n/2. Note that in the arithmetic circuit MAC12
in FIG. 28, m is an even number greater than or equal to 2.

Thus, the arithmetic circuit MAC12 illustrated in FIG. 28
has a structure in which the memory cell AMw[1,1] to the
memory cell AMw[1,n], the memory cell AMr[1], the
memory cell AMw|[2, 1] to the memory cell AMw|[2,n], and
the memory cell AMr[2] are electrically connected to the
wiring XBL[1,2], and the memory cell AMw|[m-1,1] to the
memory cell AMw[m-1,n], the memory cell AMr[m-1], the
memory cell AMw[m, 1] to the memory cell AMw[m,n], and
the memory cell AMr[m] are electrically connected to the
wiring XBL[m-1,m].

In the memory cell array CA in FIG. 28, the memory cells
are arranged in a matrix of 2m rows and 2 columns as in the
arithmetic circuit MAC10. In FIG. 28, for example, the
memory cell AMul[i,j] is provided at an address of the
2i-1-th row and the j-th column, the memory cell AMw[i,j]
is provided at an address of the 2i-th row and the j-th
column, the memory cell AMx[i] is provided at an address
of the 2i-1-th row and the n+1-th column, the memory cell
AMr[i] is provided at an address of the 2i-th row and the
n+1-th column, the memory cell AMu[i+1,j] is provided at
an address of the 2i+2-th row and the j-th column, the
memory cell AMw[i+1,j] is provided at an address of the
2i+1-th row and the j-th column, the memory cell AMx[i+1]
is provided at an address of the 2i+2-th row and the n+1-th
column, and the memory cell AMr[i+1] is provided at an
address of the 2i+1-th row and the n+1-th column. Note that
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in the arithmetic circuit MAC12 in FIG. 28, i is an odd
number greater than or equal to 1 and less than or equal to
m.
Thus, the memory cell AMw[i, 1] to the memory cell
AMw][1,n], the memory cell AMr[i], the memory cell AMw
[i+1,1] to the memory cell AMw[i+1,n], and the memory
cell AMr[i+1] are electrically connected to the wiring XBL
[ij+1], although not illustrated in FIG. 28.

Note that this embodiment can be combined with any of
the other embodiments in this specification as appropriate.

Embodiment 3

Described in this embodiment is a structure example in
which a capacitor using a material that can show ferroelec-
tricity is used in any of the arithmetic circuits described in
the above embodiment.

Examples of a material that can show ferroelectricity
include hafnium oxide, zirconium oxide, HfZrO, (X is a real
number greater than 0), a material in which an element J (the
element J here is silicon (Si), aluminum (A1), gadolinium
(Gd), yttrium (Y), lanthanum (La), strontium (Sr), or the
like) is added to hafnium oxide, yttria-stabilized zirconia
(YSZ), PbTiOy, barium strontium titanate (BST), strontium
titanate, lead zirconate titanate (PZT), strontium bismuth
tantalate (SBT), bismuth ferrite (BFO), and barium titanate.
Alternatively, as the material, a piezoelectric ceramic having
a perovskite structure may be used. The material can be, for
example, a plurality of materials selected from the above-
listed materials or a stacked-layer structure of a plurality of
materials selected from the above-listed materials. Since
hafnium oxide may change its crystal structure (character-
istics) according to structures of upper and lower films, a
process, and the like as well as deposition conditions, a
material that exhibits ferroelectricity is referred to not only
as a ferroelectric but also as a material that can show
ferroelectricity or a material that shows ferroelectricity in
this specification and the like.

A material that can show ferroelectricity is an insulator
and has a property in which application of an electric field
from the outside causes internal polarization and the polar-
ization remains even after the electric field is made zero;
thus, such a material can be used as a nonvolatile memory
element. Hence, the use of the material as a dielectric
sandwiched between a pair of electrodes of a capacitor
allows the capacitor to be “a capacitor that can show
ferroelectricity”. In this specification and the like, a capaci-
tor that can show ferroelectricity includes the material
between a first terminal and a second terminal of the
capacitor in some cases. Note that a memory circuit using a
capacitor that can show ferroelectricity is sometimes
referred to as an FeRAM (Ferroelectric Random Access
Memory), a ferroelectric memory, or the like.

In an FeRAM (ferroelectric memory), a value of data
depends on the direction of polarization (polarity) in a
capacitor that can show ferroelectricity. For example, the
value can be “1” when the polarity is positive (plus), and the
value can be “0” when the polarity is negative (minus). For
another example, the value may be “0” when the polarity is
positive (plus), and the value may be “1” when the polarity
is negative (minus). Note that a capacitor that can show
ferroelectricity described in this embodiment retains a
binary value as described above or an analog value.

With data writing, a capacitor that can show ferroelec-
tricity can retain polarization for a long time. Thus, a
potential between a pair of electrodes of the capacitor can be
retained for a long time. In addition, the capacitor can have
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a smaller area than a conventional capacitor; hence, the use
of the capacitor that can show ferroelectricity in a memory
cell enables the area of the memory cell to be reduced and
the integration degree of an arithmetic circuit to be
increased.

Data writing to a capacitor that can show ferroelectricity
(polarization of a material that can show ferroelectricity)
requires application of a high voltage between a pair of
electrodes. This leads to a need for providing a driver circuit
that can supply a high voltage for data writing to a memory
cell including a capacitor that can show ferroelectricity.

Described here is a circuit structure of the case where a
capacitor having a dielectric property is used in the memory
cells in any of the arithmetic circuits described in the above
embodiment. FIG. 29 illustrates the structures of the
memory cell array CA and the circuit WDD, which are
modification examples of the memory cell array CA illus-
trated in FIG. 13 and the circuit WDD in FIG. 12, FIG. 16,
or FIG. 17 to FIG. 19.

The memory cell array CA includes the memory cells
AMu, the memory cells AMw, the memory cells AMx, and
the memory cells AMr. The memory cells AMu and the
memory cells AMw illustrated in FIG. 29 can have struc-
tures similar to those of the memory cells AMu and the
memory cells AMw included in the memory cell array CA
in FIG. 13. Note that the memory cells AMx and the memory
cells AMr illustrated in FIG. 29 are different from the
memory cells AMx and the memory cells AMr in FIG. 13 in
that the capacitor C1 is replaced with a capacitor FC. The
capacitor FC in this embodiment is the above-described
capacitor that can show ferroelectricity.

The circuit WDD illustrated in FIG. 29 includes a circuit
WDa and a circuit WDb. Like the circuit WDD in FIG. 12,
FIG. 16, or FIG. 17 to FIG. 19, the circuit WDD has a
function of transmitting data to be stored in each memory
cell included in the memory cell array CA. In particular, the
circuit WDa has a function of transmitting data to the
memory cell AMu[1] to the memory cell AMu[m] and the
memory cell AMw([1] to the memory cell AMw[m] in the
memory cell array CA, and the circuit WDb has a function
of transmitting data to the memory cell AMx[1] to the
memory cell AMx[m] and the memory cell AMr[1] to the
memory cell AMr[m] in the memory cell array CA.

The circuit WDD may include, for example, a digital-to-
analog converter circuit (DAC) that converts digital data
transmitted from the outside into analog data and transmits
the data to the wiring WAD and the wiring WBD. Note that
the circuit WDD included in the arithmetic circuit described
in the above embodiment can include a digital-to-analog
converter circuit similarly.

Thus, the circuit WDa and the circuit WDb may each
include a digital-to-analog converter circuit. In particular,
data writing to the capacitor FC included in each of the
memory cell AMx[1] to the memory cell AMx[m] and the
memory cell AMr[1] to the memory cell AMr[m] (polariza-
tion of a material that can show ferroelectricity and is
included in the capacitor FC) requires input of data of a
voltage higher (or lower) than voltage of data to be written
to the capacitor C1; thus, the digital-to-analog converter
circuit included in the circuit WDb is preferably capable of
supplying a higher voltage or a lower voltage (e.g., a ground
voltage, a negative voltage, or the like) than that included in
the circuit WDa. Meanwhile, in the case where data is
written to the capacitor C1 included in each of the memory
cell AMu[1] to the memory cell AMu[m] and the memory
cell AMw[1] to the memory cell AMw[m], voltage that
needs to be supplied is not so high or low as voltage required
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when data is written to the capacitor FC included in each of
the memory cell AMx[1] to the memory cell AMx[m] and
the memory cell AMr[1] to the memory cell AMr[m]; thus,
the digital-to-analog converter circuit included in the circuit
WDa does not need to be the digital-to-analog converter
circuit that is capable of supplying a high voltage or a low
voltage and is included in the circuit WDb. Since the circuit
WDa does not need to include the digital-to-analog con-
verter circuit that is capable of supplying a high voltage or
a low voltage and is included in the circuit WDb, the circuit
WDa can have a smaller area than the circuit WDb, resulting
in a reduction in the area of the entire arithmetic circuit.

As described above, when the capacitor FC included in
each of the memory cell AMx[1] to the memory cell
AMx[m] and the memory cell AMr[1] to the memory cell
AMr[m] includes a material that can show stronger ferro-
electricity than a material in the capacitor C1 included in
each of the memory cell AMu[l] to the memory cell
AMu[m] and the memory cell AMw[1] to the memory cell
AMw[m], the areas of the memory cell array CA and the
circuit WDD can be reduced.

As described in the above embodiment, the voltage writ-
ten to the capacitors C1 in the memory cell AMu[i] (here, i
is an integer greater than or equal to 1 and less than or equal
to m) and the memory cell AMw[i] can be V j [1]=V ppli]+
V1], and the voltage written to the capacitors FC in the
memory cell AMx[i] and the memory cell AMrJ[i] can be
Vyplil. In addition, since V5[i] can be a given voltage as
described in the above embodiment, Vp[1] to V;5[m] can
be the same voltage. That is, the voltage written to the
capacitors C1 in the memory cell AMul[i] and the memory
cell AMw[i] is Vi [1]=V pp+V 3, [i], and the voltage written
to the capacitors FC in the memory cell AMx[i] and the
memory cell AMr[i] is V.

In that case, the same voltage Vy,;, is applied to the
capacitors FC included in the memory cell AMx[1] to the
memory cell AMx[m] and the memory cell AMr[1] to the
memory cell AMr[m]; thus, the circuit WDb can include a
voltage source that supplies V,p as a given voltage instead
of the digital-to-analog converter circuit. The circuit WDb
including the voltage source can have a smaller circuit area
than the circuit WDb including the digital-to-analog con-
verter circuit, thereby further reducing the area of the circuit
WDD.

The structures of the memory cell array CA and the circuit
WDD in FIG. 29 are described as the modification examples
of the memory cell array CA illustrated in FIG. 13 and the
circuit WDD in FIG. 12, FIG. 16, or FIG. 17 to FIG. 19, i.e.,
as the modification examples of the arithmetic circuit MACS
to the arithmetic circuit MAC9; however, one embodiment
of the present invention is not limited thereto. For example,
the structures of the memory cell array CA illustrated in FIG.
20 to FIG. 22 and FIG. 26 to FIG. 28 and the circuit WDD
illustrated in FIG. 20, FIG. 26, and FIG. 28 can be changed
in a manner similar to the above.

FIG. 30 illustrates the structures of the memory cell array
CA and the circuit WDD, which are modification examples
of the memory cell array CA illustrated in FIG. 21 and the
circuit WDD illustrated in FIG. 20, FIG. 26, and FIG. 28.
Note that FIG. 30 also illustrates the circuit INT and the
circuit CMS2 for convenience.

The memory cell array CA includes the memory cells
AMu, the memory cells AMw, the memory cells AMx, and
the memory cells AMr. The memory cell AMu[i, 1] to the
memory cell AMu[i,n] and the memory cell AMw[i, 1] to the
memory cell AMwl[i,n] illustrated in FIG. 30 can have
structures similar to those of the memory cells AMu and the
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memory cells AMw included in the memory cell array CA
in FIG. 13. Furthermore, the memory cell AMx[i] and the
memory cell AMr[i] illustrated in FIG. 30 include the
capacitors FC instead of the capacitors C1, as in FIG. 29.

The circuit WDD in FIG. 30 includes a circuit WDa[1] to
a circuit WDa[n] and the circuit WDb. Refer to the descrip-
tion of the circuit WDa in FIG. 29 for the circuit WDa[1] to
the circuit WDa[n], and refer to the description of the circuit
WDb in FIG. 29 for the circuit WDb.

Changing the memory cell array CA illustrated in FIG. 21
and the circuit WDD illustrated in FIG. 20, FIG. 26, and
FIG. 28 into the memory cell array CA and the circuit WDD
illustrated in FIG. 30 can reduce the areas of the memory cell
array CA and the circuit WDD. As a result, the circuit area
of the entire arithmetic circuit can be reduced.

Although FIG. 30 illustrates the modification examples of
the memory cell CA and the circuit WDD in FIG. 20 in the
above, the memory cell CA and the circuit WDD in FIG. 26
or FIG. 28 can be changed in a manner similar to those in
FIG. 30.

Data writing to the capacitor FC described with reference
to each of FIG. 29 and FIG. sometimes requires application
of'a predetermined voltage to the wiring X AL and the wiring
XBL. In that case, the wirings XAL and XBL function not
only as wirings inputting the second data, but also as plate
lines for writing data to the capacitors FC.

Note that this embodiment can be combined with any of
the other embodiments in this specification as appropriate.

Embodiment 4

A hierarchical neural network is described in this embodi-
ment. An arithmetic operation of a hierarchical neural net-
work can be performed using the semiconductor device
described in the above embodiments.
<Hierarchical Neural Network>

A hierarchical neural network includes one input layer,
one or a plurality of intermediate layers (hidden layers), and
one output layer, for example, and is configured with a total
of at least three layers. A hierarchical neural network 100
illustrated in FIG. 31A is one example, and the neural
network 100 includes a first layer to an R-th layer (here, R
can be an integer greater than or equal to 4). Specifically, the
first layer corresponds to the input layer, the R-th layer
corresponds to the output layer, and the other layers corre-
spond to the intermediate layers. Note that FIG. 31A illus-
trates the (k—1)-th layer and the k-th layer (here, k is an
integer greater than or equal to 3 and less than or equal to
R-1) as the intermediate layers, and does not illustrate the
other intermediate layers.

Each of the layers of the neural network 100 includes one
or a plurality of neurons. In FIG. 31A, the first layer includes
aneuron N, to a neuron Np(l) (here, p is an integer greater
than or equal to 1); the (k-1)-th layer includes a neuron
N, %Y to aneuron N,,*~V (here, m is an integer greater than
or equal to 1); the k-th layer includes a neuron N,® to a
neuron N, (here, n is an integer greater than or equal to 1);
and the R-th layer includes a neuron N, ® to a neuron Nq(R)
(here, q is an integer greater than or equal to 1).

Note that FIG. 31A selectively illustrates a neuron N,*~ 1)
(here, 1 is an integer greater than or equal to 1 and less than
or equal to m) in the (k-1)-th layer and a neuron Nj(k) (here,
j is an integer greater than or equal to 1 and less than or equal
to n) in the k-th layer, in addition to the neuron N,‘*, the
neuron Np(l), the neuron N,%~, the neuron N, * "), the
neuron N,®, the neuron N,®, the neuron N,®), and the
neuron Nq(R)
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Next, signal transmission from a neuron in one layer to a
neuron in the subsequent layer and signals input to and
output from the neurons are described. Note that description
here is made focusing on the neuron N-(k) in the k-th layer.

FIG. 31B illustrates the neuron N(k) in the k-th layer,
signals input to the neuron N; “_and a signal output from the
neuron N(k).

Specifically, z,“"" to z,, %" that are output signals from
the neuron N, to the neuron N, “~" in the (k—1)-th layer
are output to the neuron N(k) Then, the neuron N(k)
generates Z() in accordance with 7, 1o 7, %, and
outputs Z] as the output signal to the neurons in the
(k+1)-th layer (not illustrated).

The efficiency of transmitting a signal input from a neuron
in one layer to a neuron in the subsequent layer depends on
the connection strength (hereinafter, referred to as a weight
coefficient) of the synapse that connects the neurons to each
other. In the neural network 100, a signal output from a
neuron in one layer is multiplied by the corresponding
weight coefficient and then is input to a neuron in the
subsequent layer. When i is an integer greater than or equal
to 1 and less than or equal to m and the weight coefficient
of the synapse between the neuron N7 in the (k—1)-th
layer and the neuron NS in the k-th layer is w,*"",%, a
signal input to the neuron N(k) in the k-th layer Can be
expressed by Formula (4.1).

[Formula 30]

wgkfl)({c) . “.1

(k=1)
jCE

That is, when the signals are transmitted from the neuron
N, (o the neuron N, “= in the (k—1)-th layer to the
neuron N](k) in the k-th layer, the signals z,“"" to z,,%" ar
multiplied by the respective weight coefficients (w, (k_l) (k) to
W (k—l)(k)) Then, Wl(k—l) ®)z,%V 1o w (k—l)](k) z,, ety are
input to the neuron N/, w’; in the k-th layer. At this time, the
total sum uj ? of the signals input to the neuron Nj(k) in the
k-th layer is expressed by Formula (4.2).

[Formula 31]

n 4.2)
(k k=1)(k k-1
i = 3 OP D
=1

In addition, a bias may be added to the product-sum result
of the weight coefficients wl(k_l)j(k) to w,,“ "% and the
signals z,%" to z,“™" of the neurons. When the bias is
denoted by b, Formula (4.2) can be rewritten to the follow-
ing formula.

[Formula 32]

103} S (k-D() | _(k-1) @3)
u; :Zw, G +b
=1

The neuron N® generates the output signal z,*” in accor-
dance with u®. Here, the output signal z,** from the neuron
N; ® js deﬁned by the following formula
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[Formula 33]

2 = () @4

A function f(u,%) is an activation function in a hierar-
chical neural network, and a sigmoid function, a tanh
function, a softmax function, a ReL.U function (ramp func-
tion), a threshold function, or the like can be used. Note that
the activation function can be the same or different among
all neurons. In addition, the neuron activation function in
one layer can be the same as or different from that in another
layer.

Signals output from the neurons in the layers, the weight
coefficient w, or the bias b can be an analog value or a digital
value. The digital value can be, for example, a value with the
number of bits of two, or three or more. A value having a
larger number of bits may be used. In the case of an analog
value, for example, a linear ramp function or a sigmoid
function is used as the activation function. In the case of a
binary digital value, for example, a step function with an
output of —1 or 1 or an output of 0 or 1 is used. Alternatively,
the neurons in the layers can each output a ternary or
higher-level signal; in this case, a step function with an
output of —1, 0, or 1 or a step function with an output of 0,
1, or 2 is used as a ternary activation function. Furthermore,
as an activation function for outputting five values, a step
function with an output of -2, —1, 0, 1, or 2 may be used, for
example. The use of a digital value as at least one of the
signals output from the neurons in the layers, the weight
coefficient w, and the bias b enables a reduction in the circuit
scale, a reduction in power consumption, or an increase in
arithmetic operation speed, for example. Furthermore, the
use of an analog value as at least one of the signals output
from the neurons in the layers, the weight coefficient w, and
the bias b can improve the arithmetic operation accuracy.

The neural network 100 performs an operation in which
by input of an input signal to the first layer (input layer),
output signals are sequentially generated in the layers from
the first layer (input layer) to the last layer (output layer)
according to Formula (4.1), Formula (4.2) (or Formula
(4.3)), and Formula (4.4) on the basis of the signals input
from the previous layers, and the output signals are output
to the subsequent layers. The signal output from the last
layer (output layer) corresponds to the calculation results of
the neural network 100.

In the case where the arithmetic circuit MACS5 described
in Embodiment 1 is used as the above-described hidden
layer, the weight coefficient wx[k_l](k_l)x[k](k) (s[k—1] is an
integer greater than or equal to 1 and less than or equal to m,
and s[k] is an integer greater than or equal to 1 and less than
or equal to n) is used as the first data, the voltage corre-
sponding to the first data is stored in the memory cells AMX,
the memory cells AMu, the memory cells AMw, and the
memory cells AMr, the output signal z,_,*™" from the
neuron Nx[k_l](k_l) in the (k—1)-th layer is used as the second
data, and the current with the amount corresponding to the
second data is made to flow from the circuit XLD to the
plurality of wirings XAL and the plurality of wirings XBL,
so that the product-sum of the first data and the second data
can be obtained from the current with the amount I,
flowing to the circuit ACTV. In addition, the value of the
activation function is obtained using the product-sum value
by the circuit ACP in the circuit ACTYV, so that the Value of
the actlvatlon functlon can be the output signal ZS[,{] © of the
neuron NS[,{] in the k-th layer.

In the case where the arithmetic circuit MACS5 described
in Embodiment 1 is used as the above-described output
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layer, the weight coefficient WS[R_I](R"I)S[R](R) (s|[R-1] is an
integer greater than or equal to 1, and s[R] is an integer
greater than or equal to 1 and less than or equal to q) is used
as the first data, the voltage corresponding to the first data is
stored in the memory cells AMx, the memory cells AMu, the
memory cells AMw, and the memory cells AMr, the output
signal z;,_,, " from the neuron N, _,,*~" in the R-1)-
th layer 1s used as the second data, and the current with the
amount corresponding to the second data is made to flow
from the circuit XL.D to the plurality of wirings X AL and the
plurality of wirings XBL,, so that the product-sum of the first
data and the second data can be obtained from the current
with the amount [, flowing to the circuit ACTV. In addition,
the value of the activation function is obtained using the
product-sum value by the circuit ACP in the circuit ACTYV,
so that the value of the activation function can be the output
signal ZS[R](R) of the neuron NS[R](R) in the R-th layer.

Note that the input layer described in this embodiment
may function as a buffer circuit that outputs an input signal
to the second layer.

In the case where the arithmetic circuit MAC4 described
in Embodiment 1 is used as the above-described hidden
layer, for example, the weight coefficient Ws[k_l](k‘l)s[k](k) is
used as the first data, the voltage corresponding to the first
data is stored in the memory cells AMx, the memory cells
AMu, the memory cells AMw, and the memory cells AMr,
the output signal z;_ 1](k"1) from the neuron N, 1](k"1) in
the (k-1)-th layer is used as the second data, and the current
with the amount corresponding to the second data is input
from the circuit XL.D to the plurality of wirings X AL and the
plurality of wirings XBL,, whereby the value of the activa-
tion function corresponding to the product-sum of the first
data and the second data can be calculated from the current
amount I, input to the circuit ACTV. That is, the value can
be the output signal z_;; ® from the neuron Ny ® in the k-th
layer. When the circuit ACTV outputs voltage corresponding
to the value, for example, the output signal Zs[k] ) from the
neuron Ns[k ® in the k-th layer input to the plurality of
neurons in the (k+1)-th layer can be the voltage. That is, in
the case where the arithmetic circuit MAC4 is used as the
(k+1)-th hldden layer, the output signal Zs[k](k) from the
neuron Ns[k] in the k-th layer input to the wiring XAL and
the wiring XBL of the arithmetic circuit MACI is not
generated in the circuit XLD but can be the voltage output
from the circuit ACTV of the arithmetic circuit MAC4 of the
k-th hidden layer.

Specifically, with the use of an arithmetic circuit illus-
trated in FIG. 32, the arithmetic operation of the hierarchical
neural network can be performed. The arithmetic circuit in
FIG. 32 includes, for example, an arithmetic circuit
MAC4-1 having a structure similar to that of the arithmetic
circuit MAC4 in FIG. 18 and an arithmetic circuit MAC4-2
having a structure in which the circuit XLD in the arithmetic
circuit MAC4 in FIG. 18 is not provided. Note that the
memory cell array CAS in the arithmetic circuit MAC4-1
includes the memory cell array CA[1] to the memory cell
array CA[n], and each memory cell array CA includes the m
memory cells AMx, the m memory cells AMu, the m
memory cells AMw, and the m memory cells AMr. That is,
the memory cell array CAS in the arithmetic circuit
MAC4-1 includes 2mx2n memory cells in total. Note that
the memory cell array CAS in the arithmetic circuit
MAC4-2 includes the memory cell array CA[1] to the
memory cell array CA[1] (1 is an integer greater than or
equal to 1), and each memory cell array CA includes the n
memory cells AMX, then memory cells AMu, then memory
cells AMw, and the n memory cells AMr. That is, the
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memory cell array CAS in the arithmetic circuit MAC4-2
includes 2nx2/memory cells in total. The wiring NIL[1] to
the wiring NIL[n] in the arithmetic circuit MAC4-1 are
electrically connected to the wiring XAL[1] to the wiring
XAL[n], respectively, in the arithmetic circuit MAC4-2.

For example, in the arithmetic circuit MAC4-1 in FIG. 32,
the weight coefficient between the neurons in the (k-1)-th
layer and the neurons in the k-th layer is used as the first data
and retained in the memory cell array CA[1] to the memory
cell array CA [n], the output signal Zyh- 1] ? from the
neuron N, 1] ) in the (k-1)-th layer is used as the second
data, and the voltage corresponding to the second data is
input from the circuit XLD to the plurality of wirings XAL
and the plurality of wirings XBL, whereby the output signals
7,10 2, of the neuron N, to the neuron N, ® in the k-th
layer can be output from the wiring NIL[1] to the wiring
NIL[n]. The values of the output signals z, to z,® can be
represented as the voltages output from the circuit ACTV.

Here, in the arithmetic circuit MAC4-2 in FIG. 32, the
weight coeflicient between the neurons in the k-th layer and
the neurons in the (k+1)-th layer is used as the first data and
retained in the memory cell array CA[1] to the memory cell
array CAln], and the voltages input to the plurality of
wirings XAL, i.e., the output signals z,® to z,% from the
neuron N, ® to the neuron N, in the k-th layer, are used as
the second data, whereby the wiring NIL[s[k+1]] (here,
s[k+1] is an integer greater than or equal to 1 and less than
or equal to t) can output the output signal Zs[k+1](k+l) of the
neuron NS[,H 1 ?in the (k+1)-th layer. Note that a constant
potential (a ground potential) is constantly input to the
plurality of wirings XBL before the first data is retained in
the memory cell array CA[1] to the memory cell array
CA[n].

With the arithmetic circuit illustrated in FIG. 32, as
described above, the value of the output signal of the neuron
(voltage) output from the arithmetic circuit MAC4-1 can be
directly input to the arithmetic circuit MAC4-2, whereby an
arithmetic operation of a hierarchical neural network can be
performed successively from the first layer, for example.
The output signals output from the wiring NIL[1] to the
wiring NIL[n] of the arithmetic circuit MAC4-1 need not be
temporarily stored with an external circuit or the like; thus,
a memory device for temporarily storing the signal need not
be provided. That is, with the arithmetic circuit in FIG. 32,
the circuit area can be reduced and power necessary for
transmitting data to be temporarily stored can be reduced.

In the case where the arithmetic circuit MAC9 described
in Embodiment 1 is used as the above-described hidden
layer, for example, the weight coefficient Ws[k_l](k‘l) is used
as the first data, the voltage corresponding to the first data is
stored in the memory cells AMx, the memory cells AMu, the
memory cells AMw, and the memory cells AMr, the output
signal z,; 1](k"1) from the neuron N, 1](k"1) in the (k-1)-th
layer is used as the second data, and the current with the
amount corresponding to the second data is input from the
circuit XLD to the plurality of wirings XAL and the plurality
of wirings XBL, whereby the value of the activation func-
tion corresponding to the product-sum of the first data and
the second data can be calculated from the current amount
1, input to the circuit ACTV. That is, the value can be the
output signal z_,, ® from the neuron Ny ® in the k-th layer.
When the circuit ACTV outputs voltage corresponding to
the value, for example the output signal Zs[k](k) from the
neuron Ns[k] ® in the k-th layer input to the plurality of
neurons in the (k+1)-th layer can be the voltage. That is, in
the case where the arithmetic circuit MAC9 is used as the
(k+1)-th hidden layer, the output signal z,, ® from the
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neuron N ® in the k-th layer input to the wiring XAL and
the wiring XBL of the arithmetic circuit MAC9 is not
generated in the circuit XLD but can be the voltage output
from the circuit ACTV of the arithmetic circuit MAC9 of the
k-th hidden layer.

Specifically, with the use of an arithmetic circuit illus-
trated in FIG. 33, the arithmetic operation of the hierarchical
neural network can be performed. The arithmetic circuit in
FIG. 33 includes, for example, an arithmetic circuit
MAC9-1 having a structure similar to that of the arithmetic
circuit MAC9 in FIG. 19 and an arithmetic circuit MAC9-2
having a structure in which the circuit XLD in the arithmetic
circuit MAC9 in FIG. 19 is not provided. Note that the
memory cell array CAS in the arithmetic circuit MAC9-1
includes the memory cell array CA[1] to the memory cell
array CA[n], and each memory cell array CA includes the m
memory cells AMx, the m memory cells AMu, the m
memory cells AMw, and the m memory cells AMr. That is,
the memory cell array CAS in the arithmetic circuit
MAC9-1 includes 2mx2n memory cells in total. Note that
the memory cell array CAS in the arithmetic circuit
MAC9-2 includes the memory cell array CA[1] to the
memory cell array CA[1] (1 is an integer greater than or
equal to 1), and each memory cell array CA includes the n
memory cells AMx, the n memory cells AMu, the n memory
cells AMw, and the n memory cells AMr. That is, the
memory cell array CAS in the arithmetic circuit MAC9-2
includes 2nx2t memory cells in total. The wiring NIL[1] to
the wiring NIL[n] in the arithmetic circuit MAC9-1 are
electrically connected to the wiring XAL[1] to the wiring
XAL[n], respectively, in the arithmetic circuit MAC9-2.

For example, in the arithmetic circuit MAC9-1 in FIG. 33,
the weight coefficient between the neurons in the (k-1)-th
layer and the neurons in the k-th layer is used as the first data
and retained in the memory cell array CA[1] to the memory
cell array CA [n], the output signal z., 1](k"1) from the
neuron N 1](k"1) in the (k—1)-th layer is used as the second
data, and the voltage corresponding to the second data is
input from the circuit XLD to the plurality of wirings XAL
and the plurality of wirings XBL, whereby the output signals
7,10 2, of the neuron N, ® to the neuron N, ® in the k-th
layer can be output from the wiring NIL[1] to the wiring
NIL[n]. The values of the output signals z,* to z,® can be
represented as the voltages output from the circuit ACTV.

Here, in the arithmetic circuit MAC9-2 in FIG. 33, the
weight coeflicient between the neurons in the k-th layer and
the neurons in the (k+1)-th layer is used as the first data and
retained in the memory cell array CA[1] to the memory cell
array CAln], and the voltages input to the plurality of
wirings XAL, i.e., the output signals z,® to z,® from the
neuron N, ® to the neuron N, in the k-th layer, are used as
the second data, whereby the wiring NIL[s[k+1]] (here,
s[k+1] is an integer greater than or equal to 1 and less than
or equal to t) can output the output signal Zs[k+1](k+l) of the
neuron N, 1](k+1) in the (k+1)-th layer. Note that a constant
potential (e.g., a ground potential) is constantly input to the
plurality of wirings XBL before the first data is retained in
the memory cell array CA[1] to the memory cell array
CA[n].

With the arithmetic circuit illustrated in FIG. 33, as
described above, the value of the output signal of the neuron
(voltage) output from the arithmetic circuit MAC9-1 can be
directly input to the arithmetic circuit MAC9-2, whereby an
arithmetic operation of a hierarchical neural network can be
performed successively from the first layer, for example.
The output signals output from the wiring NIL[1] to the
wiring NIL[n] of the arithmetic circuit MAC9-1 need not be
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temporarily stored with an external circuit or the like; thus,
a memory device for temporarily storing the signal need not
be provided. That is, with the arithmetic circuit in FIG. 33,
the circuit area can be reduced and power necessary for
transmitting data to be temporarily stored can be reduced.
Note that this embodiment can be combined with any of
the other embodiments in this specification as appropriate.

Embodiment 5

This embodiment will describe structure examples of the
semiconductor device described in the above embodiments
and structure examples of transistors that can be used in the
semiconductor device described in the above embodiments.

Structure Example of Semiconductor Device

FIG. 34 illustrates the semiconductor device described in
the above embodiment as an example, and the semiconduc-
tor device includes a transistor 300, a transistor 500, and a
capacitor 600. FIG. 35A is a cross-sectional view of the
transistor 500 in the channel length direction, FIG. 35B is a
cross-sectional view of the transistor 500 in the channel
width direction, and FIG. 35C is a cross-sectional view of
the transistor 300 in the channel width direction.

The transistor 500 is a transistor containing a metal oxide
in a channel formation region (an OS transistor). The
transistor 500 has features that the off-state current is low
and that the field-effect mobility hardly changes even at high
temperatures. The transistor 500 is used as a transistor
included in a semiconductor device, for example, the arith-
metic circuit MACS, the arithmetic circuit MACSA, the
arithmetic circuit MACG, the arithmetic circuit MAC7, the
arithmetic circuit MACS, the arithmetic circuit MAC9, the
arithmetic circuit MAC10, the arithmetic circuit MAC11, or
the like described in the above embodiment, whereby a
semiconductor device whose operating performance hardly
deteriorates even at high temperatures can be obtained. In
particular, when the transistor 500 is used as the transistor
M1, potentials written to the memory cells AMx, the
memory cells AMu, the memory cells AMw, the memory
cells AMr, and the like can be retained for a long time by
utilizing the feature of a low off-state current.

The transistor 500 is provided above the transistor 300,
for example, and the capacitor 600 is provided above the
transistor 300 and the transistor 500, for example. Note that
the capacitor 600 can be the capacitor or the like included in
the arithmetic circuit MACS, the arithmetic circuit MACSA,
the arithmetic circuit MACG, the arithmetic circuit MAC?7,
the arithmetic circuit MACS, the arithmetic circuit MAC9,
the arithmetic circuit MAC10, the arithmetic -circuit
MACI11, or the like described in the above embodiment.
Note that depending on a circuit structure, the capacitor 600
illustrated in FIG. 34 is not necessarily provided.

The transistor 300 is provided on a substrate 310 and
includes an element isolation layer 312, a conductor 316, an
insulator 315, a semiconductor region 313 that is part of the
substrate 310, and a low-resistance region 314a¢ and a
low-resistance region 3145 functioning as a source region
and a drain region. Note that the transistor 300 can be used
as, for example, the transistors or the like included in the
arithmetic circuit MACS5, the arithmetic circuit MACS5A, the
arithmetic circuit MACG, the arithmetic circuit MAC7, the
arithmetic circuit MACS, the arithmetic circuit MAC9, the
arithmetic circuit MAC10, the arithmetic circuit MACI1,
and the like described in the above embodiment. Specifi-
cally, for example, the transistor 300 can be the transistors
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included in the operational amplifier OP included in the
circuit ACTYV, the circuit ACF, and the like illustrated in FIG.
4A to FIG. 4C. For another example, the transistor 300 can
be the transistor M2 included in each memory cell. Note that
FIG. 34 illustrates a structure in which a gate of the transistor
300 is electrically connected to one of a source and a drain
of the transistor 500 through a pair of electrodes of the
capacitor 600; however, depending on the structures of the
arithmetic circuit MACS5, the arithmetic circuit MACS5A, the
arithmetic circuit MACG, the arithmetic circuit MAC7, the
arithmetic circuit MACS, the arithmetic circuit MAC9, the
arithmetic circuit MAC10, the arithmetic circuit MACI1,
and the like, a structure in which one of a source and a drain
of the transistor 300 is electrically connected to one of the
source and the drain of the transistor 500 through the pair of
electrodes of the capacitor 600 can be employed, a structure
in which one of the source and the drain of the transistor 300
is electrically connected to a gate of the transistor 500
through the pair of electrodes of the capacitor 600 can be
employed, or a structure in which the terminals of the
transistor 300 are not electrically connected to the terminals
of the transistor 500 and the terminals of the capacitor 600
can be employed.

A semiconductor substrate (e.g., a single crystal substrate
or a silicon substrate) is preferably used as the substrate 310.

In the transistor 300, a top surface and a side surface in the
channel width direction of the semiconductor region 313 are
covered with the conductor 316 with the insulator 315
therebetween, as illustrated in FIG. 35C. Such a Fin-type
transistor 300 can have an increased effective channel width,
and thus the transistor 300 can have improved on-state
characteristics. In addition, since contribution of an electric
field of a gate electrode can be increased, the off-state
characteristics of the transistor 300 can be improved.

Note that the transistor 300 may be either a p-channel
transistor or an n-channel transistor.

A region of the semiconductor region 313 where a chan-
nel is formed, a region in the vicinity thereof, the low-
resistance region 314a and the low-resistance region 3145
functioning as a source region and a drain region, and the
like preferably contain a semiconductor such as a silicon-
based semiconductor, and preferably contain single crystal
silicon. Alternatively, the regions may be formed using a
material containing Ge (germanium), SiGe (silicon germa-
nium), GaAs (gallium arsenide), GaAlAs (gallium alumi-
num arsenide), GaN (gallium nitride), or the like. A structure
using silicon whose effective mass is controlled by applying
stress to the crystal lattice and changing the lattice spacing
may be employed. Alternatively, the transistor 300 may be
an HEMT (High Electron Mobility Transistor) with GaAs
and GaAlAs, or the like.

The low-resistance region 314a and the low-resistance
region 3145 contain an element that imparts n-type conduc-
tivity, such as arsenic or phosphorus, or an element that
imparts p-type conductivity, such as boron, in addition to the
semiconductor material used in the semiconductor region
313.

For the conductor 316 functioning as a gate electrode, a
semiconductor material such as silicon containing an ele-
ment that imparts n-type conductivity, such as arsenic or
phosphorus, or an element that imparts p-type conductivity,
such as boron, or a conductive material such as a metal
material, an alloy material, or a metal oxide material can be
used.

Note that since the work function of a conductor depends
on the material of the conductor, the threshold voltage of the
transistor can be adjusted by selecting the material of the
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conductor. Specifically, it is preferable to use a material such
as titanium nitride or tantalum nitride for the conductor.
Moreover, in order to ensure both conductivity and embed-
dability, it is preferable to use stacked layers of metal
materials such as tungsten and aluminum for the conductor,
and it is particularly preferable to use tungsten in terms of
heat resistance.

The element isolation layer 312 is provided to separate a
plurality of transistors on the substrate 310 from each other.
The element isolation layer can be formed by, for example,
a LOCOS (Local Oxidation of Silicon) method, an STI
(Shallow Trench Isolation) method, a mesa isolation
method, or the like.

Note that the transistor 300 illustrated in FIG. 34 is an
example and the structure is not limited thereto; an appro-
priate transistor is used in accordance with a circuit structure
or a driving method. For example, the transistor 300 may
have a planar structure instead of a FIN-type structure
illustrated in FIG. 35C. For example, when a semiconductor
device is a single-polarity circuit using only OS transistors,
the transistor 300 has a structure similar to that of the
transistor 500 using an oxide semiconductor, as illustrated in
FIG. 36. In that case, the transistor 300 and the transistor 500
are each an OS transistor, and the transistor 300 and the
transistor 500 may be formed so as not to overlap with each
other (formed through the same manufacturing steps). Note
that the details of the transistor 500 will be described later.

A single-polarity circuit described in this specification and
the like refers to a circuit that does not include one of an
n-channel transistor and a p-channel transistor but includes
the other of the n-channel transistor and the p-channel
transistor. Thus, a single-polarity circuit using only an OS
transistor refers to a circuit including one of an n-channel OS
transistor and a p-channel OS transistor.

Note that in FIG. 36, the transistor 300 is provided over
a substrate 310A; in this case, a semiconductor substrate
may be used as the substrate 310A, as in the case of the
substrate 310 in the semiconductor device in FIG. 34. As the
substrate 310A, for example, an SOI substrate, a glass
substrate, a quartz substrate, a plastic substrate, a sapphire
glass substrate, a metal substrate, a stainless steel substrate,
a substrate including stainless steel foil, a tungsten substrate,
a substrate including tungsten foil, a flexible substrate, an
attachment film, paper including a fibrous material, a base
material film, or the like can be used. Examples of the glass
substrate include barium borosilicate glass, aluminoborosili-
cate glass, and soda lime glass. As examples of the flexible
substrate, the attachment film, the base material film, and the
like, the following can be given. Examples include plastics
typified by polyethylene terephthalate (PET), polyethylene
naphthalate (PEN), polyether sulfone (PES), and polytet-
rafluoroethylene (PTFE). Another example is a synthetic
resin such as acrylic. Other examples include polypropylene,
polyester, polyvinyl fluoride, and polyvinyl chloride. Other
examples include polyamide, polyimide, aramid, an epoxy
resin, an inorganic vapor deposition film, and paper.

In the transistor 300 illustrated in FIG. 34, an insulator
320, an insulator 322, an insulator 324, and an insulator 326
are stacked in this order from the substrate 310 side.

For the insulator 320, the insulator 322, the insulator 324,
and the insulator 326, silicon oxide, silicon oxynitride,
silicon nitride oxide, silicon nitride, aluminum oxide, alu-
minum oxynitride, aluminum nitride oxide, or aluminum
nitride can be used, for example.

Note that in this specification, silicon oxynitride refers to
a material that has a higher oxygen content than a nitrogen
content, and silicon nitride oxide refers to a material that has
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a higher nitrogen content than an oxygen content. Moreover,
in this specification, aluminum oxynitride refers to a mate-
rial that has a higher oxygen content than a nitrogen content,
and aluminum nitride oxide refers to a material that has a
higher nitrogen content than an oxygen content.

The insulator 322 may have a function of a planarization
film for planarizing a level difference caused by the tran-
sistor 300 or the like covered with the insulator 320 and the
insulator 322. For example, the top surface of the insulator
322 may be planarized by planarization treatment using a
chemical mechanical polishing (CMP) method or the like to
improve planarity.

As the insulator 324, it is preferable to use a film having
a barrier property that prevents diffusion of hydrogen, impu-
rities, or the like from the substrate 310, the transistor 300,
or the like into a region where the transistor 500 is provided.

For the film having a barrier property against hydrogen,
silicon nitride formed by a CVD method can be used, for
example. Here, diffusion of hydrogen into a semiconductor
element including an oxide semiconductor, such as the
transistor 500, degrades the characteristics of the semicon-
ductor element in some cases. Therefore, a film that inhibits
hydrogen diffusion is preferably used between the transistor
500 and the transistor 300. The film that inhibits hydrogen
diffusion is specifically a film from which a small amount of
hydrogen is released.

The amount of released hydrogen can be analyzed by
thermal desorption spectroscopy (TDS), for example. The
amount of hydrogen released from the insulator 324 that is
converted into hydrogen atoms per area of the insulator 324
is less than or equal to 10x10"> atoms/cm?, preferably less
than or equal to 5x10'° atoms/cm?, in the TDS analysis in a
film-surface temperature range of 50° C. to 500° C., for
example.

Note that the permittivity of the insulator 326 is prefer-
ably lower than that of the insulator 324. For example, the
dielectric constant of the insulator 326 is preferably lower
than 4, further preferably lower than 3. The dielectric
constant of the insulator 326 is, for example, preferably 0.7
times or less, further preferably 0.6 times or less the dielec-
tric constant of the insulator 324. When a material with a low
permittivity is used for the interlayer film, the parasitic
capacitance generated between wirings can be reduced.

A conductor 328, a conductor 330, and the like that are
connected to the capacitor 600 or the transistor 500 are
embedded in the insulator 320, the insulator 322, the insu-
lator 324, and the insulator 326. Note that the conductor 328
and the conductor 330 have a function of a plug or a wiring.
A plurality of conductors having a function of a plug or a
wiring are collectively denoted by the same reference
numeral in some cases. Moreover, in this specification and
the like, a wiring and a plug connected to the wiring may be
a single component. That is, part of a conductor functions as
a wiring in some cases and part of a conductor functions as
a plug in other cases.

As a material of each of plugs and wirings (e.g., the
conductor 328 and the conductor 330), a single layer or a
stacked layer of a conductive material such as a metal
material, an alloy material, a metal nitride material, or a
metal oxide material can be used. It is preferable to use a
high-melting-point material that has both heat resistance and
conductivity, such as tungsten or molybdenum, and it is
preferable to use tungsten. Alternatively, a low-resistance
conductive material such as aluminum or copper is prefer-
ably used. The use of a low-resistance conductive material
can reduce wiring resistance.
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A wiring layer may be provided over the insulator 326 and
the conductor 330. For example, in FIG. 34, an insulator
350, an insulator 352, and an insulator 354 are provided to
be stacked in this order above the insulator 326 and the
conductor 330. Furthermore, a conductor 356 is formed in
the insulator 350, the insulator 352, and the insulator 354.
The conductor 356 has a function of a plug or a wiring that
is connected to the transistor 300. Note that the conductor
356 can be provided using a material similar to those for the
conductor 328 and the conductor 330.

For example, like the insulator 324, the insulator 350 is
preferably formed using an insulator having a barrier prop-
erty against impurities such as hydrogen and water. The
insulator 352 and the insulator 354 are preferably formed
using an insulator having a relatively low dielectric constant
to reduce the parasitic capacitance generated between wir-
ings, like the insulator 326. Furthermore, the conductor 356
preferably contains a conductor having a barrier property
against impurities such as hydrogen and water. In particular,
the conductor having a barrier property against hydrogen is
formed in an opening portion included in the insulator 350
having a barrier property against hydrogen. With this struc-
ture, the transistor 300 and the transistor 500 can be sepa-
rated by the barrier layer, so that diffusion of hydrogen from
the transistor 300 into the transistor 500 can be inhibited.

For the conductor having a barrier property against hydro-
gen, tantalum nitride is preferably used, for example. In
addition, the use of a stack including tantalum nitride and
tungsten, which has high conductivity, can inhibit diffusion
of hydrogen from the transistor 300 while the conductivity
of a wiring is kept. In that case, a structure is preferable in
which a tantalum nitride layer having a barrier property
against hydrogen is in contact with the insulator 350 having
a barrier property against hydrogen.

An insulator 360, an insulator 362, and an insulator 364
are stacked in this order over the insulator 354 and the
conductor 356.

Like the insulator 324 or the like, the insulator 360 is
preferably formed using an insulator having a barrier prop-
erty against impurities such as water and hydrogen. Thus,
the insulator 360 can be formed using any of the materials
usable for the insulator 324 or the like, for example.

The insulator 362 and the insulator 364 have functions of
an interlayer insulating film and a planarization film. Like
the insulator 324, the insulator 362 and the insulator 364 are
preferably formed using an insulator having a barrier prop-
erty against impurities such as water and hydrogen. Thus,
the insulator 362 and/or the insulator 364 can be formed
using any of the materials usable for the insulator 324.

An opening portion is provided in regions of the insulator
360, the insulator 362, and the insulator 364 that overlap
with part of the conductor 356, and the conductor 366 is
provided to fill the opening portion. The conductor 366 is
also formed over the insulator 362. The conductor 366 has
a function of a plug or a wiring connected to the transistor
300, for example. Note that the conductor 366 can be
provided using a material similar to those for the conductor
328 and the conductor 330.

An insulator 510, an insulator 512, an insulator 514, and
an insulator 516 are stacked in this order over the insulator
364 and the conductor 366. A substance with a barrier
property against oxygen, hydrogen, or the like is preferably
used for any of the insulator 510, the insulator 512, the
insulator 514, and the insulator 516.

For example, as the insulator 510 and the insulator 514, it
is preferable to use a film having a barrier property that
prevents diffusion of hydrogen, impurities, or the like from
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the substrate 310, a region where the transistor 300 is
provided, or the like into the region where the transistor 500
is provided. Thus, a material similar to that for the insulator
324 can be used.

For the film having a barrier property against hydrogen,
silicon nitride formed by a CVD method can be used, for
example. Here, diffusion of hydrogen into a semiconductor
element including an oxide semiconductor, such as the
transistor 500, degrades the characteristics of the semicon-
ductor element in some cases. Therefore, a film that inhibits
hydrogen diffusion is preferably used between the transistor
500 and the transistor 300. The film that inhibits hydrogen
diffusion is specifically a film from which a small amount of
hydrogen is released. For the film having a barrier property
against hydrogen, a metal oxide such as aluminum oxide,
hafnium oxide, or tantalum oxide is preferably used for the
insulator 510 and the insulator 514, for example.

In particular, aluminum oxide has an excellent blocking
effect that prevents passage of oxygen and impurities such as
hydrogen and moisture that would cause a change in the
electrical characteristics of the transistor. Accordingly, alu-
minum oxide can prevent entry of impurities such as hydro-
gen and moisture into the transistor 500 in and after the
manufacturing process of the transistor. In addition, release
of oxygen from the oxide included in the transistor 500 can
be inhibited. Therefore, aluminum oxide is suitably used for
a protective film of the transistor 500.

For the insulator 512 and the insulator 516, a material
similar to that for the insulator 320 can be used, for example.
Furthermore, when a material with a relatively low permit-
tivity is used for these insulators, parasitic capacitance
generated between wirings can be reduced. A silicon oxide
film, a silicon oxynitride film, or the like can be used for the
insulator 512 and the insulator 516, for example.

A conductor 518, a conductor included in the transistor
500 (e.g., a conductor 503 illustrated in FIG. 35A and FIG.
35B), and the like are embedded in the insulator 510, the
insulator 512, the insulator 514, and the insulator 516. Note
that the conductor 518 has a function of a plug or a wiring
that is connected to the capacitor 600 or the transistor 300.
The conductor 518 can be provided using a material similar
to those for the conductor 328 and the conductor 330.

In particular, a region of the conductor 518 that is in
contact with the insulator 510 and the insulator 514 is
preferably a conductor having a barrier property against
oxygen, hydrogen, and water. With this structure, the tran-
sistor 300 and the transistor 500 can be separated by the
layer having a barrier property against oxygen, hydrogen,
and water; hence, diffusion of hydrogen from the transistor
300 into the transistor 500 can be inhibited.

The transistor 500 is provided above the insulator 516.

As illustrated in FIG. 35A and FIG. 35B, the transistor
500 includes the insulator 516 over the insulator 514, the
conductor 503 (a conductor 503a¢ and a conductor 5035)
provided to be embedded in the insulator 514 or the insulator
516, an insulator 522 over the insulator 516 and the con-
ductor 503, an insulator 524 over the insulator 522, an oxide
530a over the insulator 524, an oxide 5305 over the oxide
530a, a conductor 542a over the oxide 5305, an insulator
571a over the conductor 542a, a conductor 5425 over the
oxide 53054, an insulator 5715 over the conductor 5425, an
insulator 552 over the oxide 53054, an insulator 550 over the
insulator 552, an insulator 554 over the insulator 550, a
conductor 560 (a conductor 560a and a conductor 5605) that
is over the insulator 554 and overlaps with part of the oxide
5305, and an insulator 544 provided over the insulator 522,
the insulator 524, the oxide 530q, the oxide 53054, the
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conductor 5424, the conductor 5425, the insulator 571a, and
insulator 5715. Here, as illustrated in FIG. 35A and FIG.
35B, the insulator 552 is in contact with the top surface of
the insulator 522, the side surface of the insulator 524, the
side surface of the oxide 530q, the side surface and the top
surface of the oxide 53054, the side surface of the conductor
542, the side surface of the insulator 571, the side surface of
the insulator 544, the side surface of an insulator 580, and
the bottom surface of the insulator 550. The top surface of
the conductor 560 is placed to be substantially level with the
upper portion of the insulator 554, the upper portion of the
insulator 550, the upper portion of the insulator 552, and the
top surface of the insulator 580. An insulator 574 is in
contact with part of at least one of the top surface of the
conductor 560, the upper portion of the insulator 552, the
upper portion of the insulator 550, the upper portion of the
insulator 554, and the top surface of the insulator 580.

An opening reaching the oxide 5305 is provided in the
insulator 580 and the insulator 544. The insulator 552, the
insulator 550, the insulator 554, and the conductor 560 are
provided in the opening. The conductor 560, the insulator
552, the insulator 550, and the insulator 554 are provided
between the conductor 542a and the conductor 5425 and
between the insulator 571a and the insulator 5715 in the
channel length direction of the transistor 500. The insulator
554 includes a region in contact with the side surface of the
conductor 560 and a region in contact with the bottom
surface of the conductor 560.

The oxide 530 preferably includes the oxide 530a pro-
vided over the insulator 524 and the oxide 5305 provided
over the oxide 530a. Including the oxide 530a under the
oxide 5305 makes it possible to inhibit diffusion of impu-
rities into the oxide 5305 from components formed below
the oxide 530a.

Although a structure in which two layers, the oxide 530a
and the oxide 5305, are stacked as the oxide 530 in the
transistor 500 is described, the present invention is not
limited thereto. For example, the transistor 500 can include
a single-layer structure of the oxide 5305 or a stacked-layer
structure of three or more layers. Alternatively, the oxide
530a and the oxide 5306 can each have a stacked-layer
structure.

The conductor 560 functions as a first gate (also referred
to as a top gate) electrode, and the conductor 503 functions
as a second gate (also referred to as a back gate) electrode.
The insulator 552, the insulator 550, and the insulator 554
function as a first gate insulator, and the insulator 522 and
the insulator 524 function as a second gate insulator. Note
that the gate insulator is also referred to as a gate insulating
layer or a gate insulating film in some cases. The conductor
542a functions as one of a source and a drain, and the
conductor 5425 functions as the other of the source and the
drain. At least part of a region of the oxide 530 that overlaps
with the conductor 560 functions as a channel formation
region.

Here, FIG. 37A is an enlarged view of the vicinity of the
channel formation region in FIG. 35A. Supply of oxygen to
the oxide 5305 forms the channel formation region in a
region between the conductor 542a and the conductor 54254.
As illustrated in FIG. 37A, the oxide 5306 includes a region
530bc¢ functioning as the channel formation region of the
transistor 500 and a region 530ba and a region 53055 that
are provided to sandwich the region 53056¢ and function as
a source region and a drain region. At least part of the region
530bc¢ overlaps with the conductor 560. In other words, the
region 530b¢ is provided between the conductor 542a and
the conductor 5425. The region 5305ba is provided to overlap
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with the conductor 5424, and the region 53056 is provided
to overlap with the conductor 5425.

The region 530bc¢ functioning as the channel formation
region has a smaller amount of oxygen vacancies (an oxygen
vacancy in a metal oxide is sometimes referred to as Vo in
this specification and the like) or a lower impurity concen-
tration than the region 530ba and the region 53065 to be a
high-resistance region having a low carrier concentration.
Thus, the region 530bc can be regarded as being i-type
(intrinsic) or substantially i-type.

A transistor using a metal oxide is likely to change its
electrical characteristics when impurities or oxygen vacan-
cies (Vo) exist in a region of the metal oxide where a channel
is formed, which might degrade the reliability. In some
cases, hydrogen in the vicinity of an oxygen vacancy (Vo)
forms a defect that is an oxygen vacancy (Vo) into which
hydrogen enters (hereinafter, sometimes referred to as VoH),
which generates an electron serving as a carrier. Therefore,
when the region of the oxide semiconductor where a channel
is formed includes oxygen vacancies, the transistor tends to
have normally-on characteristics (even when no voltage is
applied to the gate electrode, the channel exists and current
flows through the transistor). Thus, impurities, oxygen
vacancies, and VoH are preferably reduced as much as
possible in the region of the oxide semiconductor where a
channel is formed.

The region 530ba and the region 53055 functioning as the
source region and the drain region are each a low-resistance
region with an increased carrier concentration because they
include a large amount of oxygen vacancies (Vo) or have a
high concentration of an impurity such as hydrogen, nitro-
gen, or a metal element. In other words, the region 530ba
and the region 53066 are each an n-type region having a
higher carrier concentration and a lower resistance than the
region 530bc.

The carrier concentration in the region 5305¢ functioning
as the channel formation region is preferably lower than or
equal to 1x10'® cm™>, further preferably lower than 1x10"7
cm™>, still further preferably lower than 1x10'¢ cm™, yet
further preferably lower than 1x10"* ¢cm™, yet still further
preferably lower than 1x10"? cm~>. Note that the lower limit
of the carrier concentration in the region 5305¢ functioning
as the channel formation region is not particularly limited
and can be, for example, 1x10~° cm™>.

Between the region 530bc¢ and the region 530ba or the
region 530bb, a region having a carrier concentration that is
lower than or substantially equal to the carrier concentra-
tions in the region 530ba and the region 53056 and higher
than or substantially equal to the carrier concentration in the
region 530b¢ may be formed. That is, the region functions
as a junction region between the region 530b¢ and the region
530ba or the region 530bb. The hydrogen concentration in
the junction region is lower than or substantially equal to the
hydrogen concentrations in the region 530ba and the region
530656 and higher than or substantially equal to the hydrogen
concentration in the region 530hc in some cases. The
amount of oxygen vacancies in the junction region is smaller
than or substantially equal to the amounts of oxygen vacan-
cies in the region 530ba and the region 53056 and larger
than or substantially equal to the amount of oxygen vacan-
cies in the region 530bc in some cases.

Although FIG. 37A illustrates an example in which the
region 530ba, the region 53066, and the region 530bc¢ are
formed in the oxide 53054, the present invention is not
limited thereto. For example, the above regions may be
formed not only in the oxide 5305 but also in the oxide 530aq.
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In the oxide 530, the boundaries between the regions are
difficult to detect clearly in some cases. The concentration of
a metal element and an impurity element such as hydrogen
or nitrogen, which is detected in each region, may be
gradually changed not only between the regions but also in
each region. That is, the region closer to the channel
formation region preferably has a lower concentration of a
metal element and an impurity element such as hydrogen or
nitrogen.

In the transistor 500, a metal oxide functioning as a
semiconductor (such a metal oxide is hereinafter also
referred to as an oxide semiconductor) is preferably used for
the oxide 530 (the oxide 530a and the oxide 5305) including
the channel formation region.

The metal oxide functioning as a semiconductor prefer-
ably has a band gap of 2 eV or more, further preferably 2.5
eV or more. With the use of a metal oxide having such a
wide band gap, the off-state current of the transistor can be
reduced.

As the oxide 530, it is preferable to use, for example, a
metal oxide such as an In-M-Zn oxide containing indium,
the element M, and zinc (the element M is one or more kinds
selected from aluminum, gallium, yttrium, tin, copper, vana-
dium, beryllium, boron, titanium, iron, nickel, germanium,
zirconium, molybdenum, lanthanum, cerium, neodymium,
hafnium, tantalum, tungsten, magnesium, and the like).
Alternatively, an In—Ga oxide, an In—7n oxide, or an
indium oxide may be used as the oxide 530.

Here, the atomic ratio of In to the element M in the metal
oxide used as the oxide 5305 is preferably greater than the
atomic ratio of In to the element M in the metal oxide used
as the oxide 530a.

The oxide 530qa is provided under the oxide 5305 in the
above manner, whereby impurities and oxygen can be
inhibited from diffusing into the oxide 5306 from compo-
nents formed below the oxide 530a.

When the oxide 530a and the oxide 5305 contain a
common element (as the main component) besides oxygen,
the density of defect states at an interface between the oxide
530q and the oxide 5305 can be made low. Since the density
of defect states at the interface between the oxide 530a and
the oxide 53056 can be made low, the influence of interface
scattering on carrier conduction is small, and a high on-state
current can be obtained.

The oxide 53056 preferably has crystallinity. It is particu-
larly preferable to use a CAAC-OS (c-axis aligned crystal-
line oxide semiconductor) as the oxide 5305.

The CAAC-OS is a metal oxide having a dense structure
with high crystallinity and small amounts of impurities and
defects (e.g., oxygen vacancies (Vo)). In particular, after the
formation of a metal oxide, heat treatment is performed at a
temperature at which the metal oxide does not become a
polycrystal (e.g., 400° C. to 600° C., inclusive), whereby a
CAAC-OS having a dense structure with higher crystallinity
can be obtained. When the density of the CAAC-OS is
increased in such a manner, diffusion of impurities or
oxygen in the CAAC-OS can be further reduced.

On the other hand, a clear crystal grain boundary is
difficult to observe in the CAAC-OS; thus, it can be said that
a reduction in electron mobility due to the crystal grain
boundary is less likely to occur. Thus, a metal oxide includ-
ing a CAAC-OS is physically stable. Therefore, the metal
oxide including a CAAC-OS is resistant to heat and has high
reliability.

If impurities and oxygen vacancies exist in a region of an
oxide semiconductor where a channel is formed, a transistor
using the oxide semiconductor might have variable electrical
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characteristics and poor reliability. In some cases, hydrogen
in the vicinity of an oxygen vacancy forms a defect that is
the oxygen vacancy into which hydrogen enters (hereinafter,
sometimes referred to as VoH), which generates an electron
serving as a carrier. Therefore, when the region of the oxide
semiconductor where a channel is formed includes oxygen
vacancies, the transistor tends to have normally-on charac-
teristics (even when no voltage is applied to the gate
electrode, the channel exists and current flows through the
transistor). Thus, impurities, oxygen vacancies, and VoH are
preferably reduced as much as possible in the region of the
oxide semiconductor where a channel is formed. In other
words, it is preferable that the region of the oxide semicon-
ductor where a channel is formed have a reduced carrier
concentration and be of an i-type (intrinsic) or substantially
i-type.

As a countermeasure to the above, an insulator containing
oxygen that is released by heating (hereinafter, sometimes
referred to as excess oxygen) is provided in the vicinity of
the oxide semiconductor and heat treatment is performed, so
that oxygen can be supplied from the insulator to the oxide
semiconductor to reduce oxygen vacancies and VoH. How-
ever, supply of an excess amount of oxygen to the source
region or the drain region might cause a decrease in the
on-state current or field-effect mobility of the transistor 500.
Furthermore, a variation of oxygen supplied to the source
region or the drain region in the substrate plane leads to a
variation in characteristics of the semiconductor device
including the transistor.

Therefore, the region 530bc¢ functioning as the channel
formation region in the oxide semiconductor is preferably an
i-type or substantially i-type region with a reduced carrier
concentration, whereas the region 530ba and the region
530654 functioning as the source region and the drain region
are preferably n-type regions with high carrier concentra-
tions. That is, it is preferable that oxygen vacancies and VoH
in the region 5304c¢ of the oxide semiconductor be reduced
and the region 530ba and the region 53055 not be supplied
with an excess amount of oxygen.

Thus, in this embodiment, microwave treatment is per-
formed in an oxygen-containing atmosphere in a state where
the conductor 542a and the conductor 5424 are provided
over the oxide 53054 so that oxygen vacancies and VoH in the
region 530b¢ can be reduced. Here, the microwave treatment
refers to, for example, treatment using an apparatus includ-
ing a power source that generates high-density plasma with
the use of a microwave.

The microwave treatment in an oxygen-containing atmo-
sphere converts an oxygen gas into plasma using a high-
frequency wave such as a microwave or RF and activates the
oxygen plasma. At this time, the region 530bc can be
irradiated with the high-frequency wave such as a micro-
wave or RF. By the effect of the plasma, a microwave, or the
like, VoH in the region 530b¢ can be cut; thus, hydrogen H
can be removed from the region 530bc and an oxygen
vacancy Vo can be filled with oxygen. That is, the reaction
“VoH—H+Vo” occurs in the region 530bc, so that the
hydrogen concentration in the region 530b¢ can be reduced.
As a result, oxygen vacancies and VoH in the region 530b¢
can be reduced to lower the carrier concentration.

In the microwave treatment in an oxygen-containing
atmosphere, the high-frequency wave such as the micro-
wave or RF, the oxygen plasma, or the like is blocked by the
conductor 542a and the conductor 5425 and does not affect
the region 530ba nor the region 53055. In addition, the effect
of the oxygen plasma can be reduced by the insulator 571
and the insulator 580 that are provided to cover the oxide
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5305 and the conductor 542. Hence, a reduction in VoH and
supply of an excess amount of oxygen do not occur in the
region 530ba and the region 53065 in the microwave
treatment, preventing a decrease in carrier concentration.

Microwave treatment is preferably performed in an oxy-
gen-containing atmosphere after formation of an insulating
film to be the insulator 552 or after formation of an insu-
lating film to be the insulator 550. By performing the
microwave treatment in an oxygen-containing atmosphere
through the insulator 552 or the insulator 550 in such a
manner, oxygen can be efficiently supplied into the region
530bc. In addition, the insulator 552 is provided to be in
contact with the side surface of the conductor 542 and the
surface of the region 530bc, thereby preventing oxygen
more than necessary from being supplied to the region
530bc¢ and preventing the side surface of the conductor 542
from being oxidized. Furthermore, the side surface of the
conductor 542 can be inhibited from being oxidized when an
insulating film to be the insulator 550 is formed.

The oxygen supplied into the region 5305¢ has any of a
variety of forms such as an oxygen atom, an oxygen
molecule, and an oxygen radical (an O radical, an atom or
a molecule having an unpaired electron, or an ion). Note that
the oxygen supplied into the region 530bc¢ preferably has
any one or more of the above forms, and is particularly
preferably an oxygen radical. Furthermore, the film quality
of the insulator 552 and the insulator 550 can be improved,
leading to higher reliability of the transistor 500.

In the above manner, oxygen vacancies and VoH can be
selectively removed from the region 530bc¢ in the oxide
semiconductor, whereby the region 530b¢ can be an i-type
or substantially i-type region. Furthermore, supply of an
excess amount of oxygen to the region 530ba and the region
530565 functioning as the source region and the drain region
can be inhibited and the n-type conductivity can be main-
tained. As a result, a change in the electrical characteristics
of the transistor 500 can be inhibited, and thus a variation in
the electrical characteristics of the transistors 500 in the
substrate plane can be reduced.

With the above structure, a semiconductor device with a
small variation in transistor characteristics can be provided.
A semiconductor device with favorable reliability can also
be provided. A semiconductor device having favorable elec-
trical characteristics can be provided.

As illustrated in FIG. 35B, a curved surface may be
provided between the side surface of the oxide 5305 and the
top surface of the oxide 5305 in a cross-sectional view of the
transistor 500 in the channel width direction. In other words,
an end portion of the side surface and an end portion of the
top surface may be curved (hereinafter, also referred to as
rounded).

The radius of curvature of the curved surface is preferably
greater than O nm and less than the thickness of the oxide
5305 in a region overlapping with the conductor 542, or less
than half of the length of a region that does not have the
curved surface. Specifically, the radius of curvature of the
curved surface is greater than O nm and less than or equal to
20 nm, preferably greater than or equal to 1 nm and less than
or equal to 15 nm, further preferably greater than or equal to
2 nm and less than or equal to 10 nm. Such a shape can
improve the coverage of the oxide 5306 with the insulator
552, the insulator 550, the insulator 554, and the conductor
560.

The oxide 530 preferably has a stacked-layer structure of
a plurality of oxide layers with different chemical compo-
sitions. Specifically, the atomic ratio of the element M to a
metal element that is a main component of the metal oxide
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used as the oxide 530aq is preferably greater than the atomic
ratio of the element M to a metal element that is a main
component of the metal oxide used as the oxide 53054.
Moreover, the atomic ratio of the element M to In in the
metal oxide used as the oxide 530q is preferably greater than
the atomic ratio of the element M to In in the metal oxide
used as the oxide 5305. Furthermore, the atomic ratio of In
to the element Min the metal oxide used as the oxide 5305
is preferably greater than the atomic ratio of In to the
element M in the metal oxide used as the oxide 530a.

The oxide 5305 is preferably an oxide having crystallinity,
such as a CAAC-OS. An oxide having crystallinity, such as
a CAAC-OS, has a dense structure with small amounts of
impurities and defects (e.g., oxygen vacancies) and high
crystallinity. This can inhibit oxygen extraction from the
oxide 5305 by the source electrode or the drain electrode.
This can reduce oxygen extraction from the oxide 5305 even
when heat treatment is performed; thus, the transistor 500 is
stable with respect to high temperatures in a manufacturing
process (what is called thermal budget).

Here, the conduction band minimum gradually changes at
a junction portion of the oxide 530a and the oxide 5304. In
other words, the conduction band minimum at the junction
portion of the oxide 530a and the oxide 5305 continuously
changes or is continuously connected. To achieve this, the
density of defect states in a mixed layer formed at the
interface between the oxide 530a and the oxide 5305 is
preferably made low.

Specifically, when the oxide 530a and the oxide 5305
contain a common element as a main component besides
oxygen, a mixed layer with a low density of defect states can
be formed. For example, in the case where the oxide 5305
is an In-M-Zn oxide, an In-M-Zn oxide, an M-Zn oxide, an
oxide of the element M, an In—Zn oxide, an indium oxide,
or the like may be used as the oxide 530a.

Specifically, as the oxide 530a, a metal oxide with a
composition of In:M:Zn=1:3:4 [atomic ratio] or in the
neighborhood thereof, or a composition of In:M:Zn=1:1:0.5
[atomic ratio] or in the neighborhood thereof is used. As the
oxide 5305, a metal oxide with a composition of In:M:Zn=1:
1:1 [atomic ratio] or in the neighborhood thereof, or a
composition of In:M:Zn=4:2:3 [atomic ratio] or in the
neighborhood thereof is used. Note that a composition in the
neighborhood includes the range of £30% of an intended
atomic ratio. Gallium is preferably used as the element M.

When the metal oxide is deposited by a sputtering
method, the above atomic ratio is not limited to the atomic
ratio of the deposited metal oxide and may be the atomic
ratio of a sputtering target used for depositing the metal
oxide.

As illustrated in FIG. 35A or the like, the insulator 552
formed using aluminum oxide or the like is provided in
contact with the top and side surfaces of the oxide 530,
whereby indium contained in the oxide 530 is unevenly
distributed, in some cases, at the interface between the oxide
530 and the insulator 552 and in its vicinity. Accordingly, the
vicinity of the surface of the oxide 530 comes to have an
atomic ratio close to that of an indium oxide or that of an
In—Z7n oxide. Such an increase in the atomic ratio of indium
in the vicinity of the surface of the oxide 530, especially the
vicinity of the surface of the oxide 5304, can increase the
field-effect mobility of the transistor 500.

When the oxide 530a and the oxide 5305 have the above
structure, the density of defect states at the interface between
the oxide 530a and the oxide 5305 can be made low. Thus,
the influence of interface scattering on carrier conduction is
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small, and the transistor 500 can have a high on-state current
and excellent frequency characteristics.

At least one of the insulator 512, the insulator 514, the
insulator 544, the insulator 571, the insulator 574, an insu-
lator 576, and an insulator 581 preferably functions as a
barrier insulating film, which inhibits diffusion of impurities
such as water and hydrogen from the substrate side or above
the transistor 500 into the transistor 500. Thus, for at least
one of the insulator 512, the insulator 514, the insulator 544,
the insulator 571, the insulator 574, the insulator 576, and
the insulator 581, it is preferable to use an insulating
material having a function of inhibiting diffusion of impu-
rities such as hydrogen atoms, hydrogen molecules, water
molecules, nitrogen atoms, nitrogen molecules, nitrogen
oxide molecules (e.g., N,O, NO, or NO,), or copper atoms
(an insulating material through which the impurities are less
likely to pass). Alternatively, it is preferable to use an
insulating material having a function of inhibiting diffusion
of oxygen (e.g., at least one of oxygen atoms, oxygen
molecules, and the like) (an insulating material through
which the oxygen is less likely to pass).

Note that in this specification, a barrier insulating film
refers to an insulating film having a barrier property. A
barrier property in this specification means a function of
inhibiting diffusion of a targeted substance (also referred to
as having low permeability). In addition, a barrier property
in this specification means a function of capturing and fixing
(also referred to as gettering) a targeted substance.

An insulator having a function of inhibiting diffusion of
oxygen and impurities such as water and hydrogen is
preferably used as the insulator 512, the insulator 514, the
insulator 544, the insulator 571, the insulator 574, the
insulator 576, and the insulator 581; for example, aluminum
oxide, magnesium oxide, hafnium oxide, gallium oxide,
indium gallium zinc oxide, silicon nitride, or silicon nitride
oxide can be used. For example, silicon nitride, which has a
higher hydrogen barrier property, is preferably used for the
insulator 512, the insulator 544, and the insulator 576. For
example, aluminum oxide or magnesium oxide, which has a
function of capturing or fixing hydrogen well, is preferably
used for the insulator 514, the insulator 571, the insulator
574, and the insulator 581. In this case, impurities such as
water and hydrogen can be inhibited from diffusing to the
transistor 500 side from the substrate side through the
insulator 512 and the insulator 514. Impurities such as water
and hydrogen can be inhibited from diffusing to the tran-
sistor 500 side from an interlayer insulating film and the like
which are provided outside the insulator 581. Alternatively,
oxygen contained in the insulator 524 and the like can be
inhibited from diffusing to the substrate side through the
insulator 512 and the insulator 514. Alternatively, oxygen
contained in the insulator 580 and the like can be inhibited
from diffusing to above the transistor 500 through the
insulator 574 and the like. In this manner, it is preferable that
the transistor 500 be surrounded by the insulator 512, the
insulator 514, the insulator 571, the insulator 544, the
insulator 574, the insulator 576, and the insulator 581, which
have a function of inhibiting diffusion of oxygen and impu-
rities such as water and hydrogen.

Here, an oxide having an amorphous structure is prefer-
ably used for the insulator 512, the insulator 514, the
insulator 544, the insulator 571, the insulator 574, the
insulator 576, and the insulator 581. For example, a metal
oxide such as AlO, (x is a given number greater than 0) or
MgO, (y is a given number greater than 0) is preferably
used. In such a metal oxide having an amorphous structure,
an oxygen atom has a dangling bond and sometimes has a
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property of capturing or fixing hydrogen with the dangling
bond. When such a metal oxide having an amorphous
structure is used as the component of the transistor 500 or
provided around the transistor 500, hydrogen contained in
the transistor 500 or hydrogen present around the transistor
500 can be captured or fixed. In particular, hydrogen con-
tained in the channel formation region of the transistor 500
is preferably captured or fixed. The metal oxide having an
amorphous structure is used as the component of the tran-
sistor 500 or provided around the transistor 500, whereby the
transistor 500 and a semiconductor device, which have
favorable characteristics and high reliability, can be manu-
factured.

Although each of the insulator 512, the insulator 514, the
insulator 544, the insulator 571, the insulator 574, the
insulator 576, and the insulator 581 preferably has an
amorphous structure, a region having a polycrystalline struc-
ture may be partly formed. Alternatively, each of the insu-
lator 512, the insulator 514, the insulator 544, the insulator
571, the insulator 574, the insulator 576, and the insulator
581 may have a multilayer structure in which a layer having
an amorphous structure and a layer having a polycrystalline
structure are stacked. For example, a stacked-layer structure
in which a layer having a polycrystalline structure is formed
over a layer having an amorphous structure may be
employed.

The insulator 512, the insulator 514, the insulator 544, the
insulator 571, the insulator 574, the insulator 576, and the
insulator 581 can be deposited by a sputtering method, for
example. Since a sputtering method does not need to use a
molecule containing hydrogen as a deposition gas, the
hydrogen concentrations in the insulator 512, the insulator
514, the insulator 544, the insulator 571, the insulator 574,
the insulator 576, and the insulator 581 can be reduced. Note
that the deposition method is not limited to a sputtering
method, and a chemical vapor deposition (CVD) method, a
molecular beam epitaxy (MBE) method, a pulsed laser
deposition (PLD) method, an atomic layer deposition (ALD)
method, or the like may be used as appropriate.

The resistivities of the insulator 512, the insulator 544,
and the insulator 576 are preferably low in some cases. For
example, by setting the resistivities of the insulator 512, the
insulator 544, and the insulator 576 to approximately 1x10*>
(2 cm, the insulator 512, the insulator 544, and the insulator
576 can sometimes reduce charge up of the conductor 503,
the conductor 542, the conductor 560, or the like in treat-
ment using plasma or the like in the manufacturing process
of a semiconductor device. The resistivities of the insulator
512, the insulator 544, and the insulator 576 are preferably
higher than or equal to 1x10'° Qcm and lower than or equal
to 1x10"* Qem.

The insulator 516, the insulator 574, the insulator 580, and
the insulator 581 each preferably have a lower permittivity
than the insulator 514. When a material with a low permit-
tivity is used for an interlayer film, parasitic capacitance
generated between wirings can be reduced. For the insulator
516, the insulator 580, and the insulator 581, silicon oxide,
silicon oxynitride, silicon oxide to which fluorine is added,
silicon oxide to which carbon is added, silicon oxide to
which carbon and nitrogen are added, porous silicon oxide,
or the like is used as appropriate, for example.

The insulator 581 is preferably an insulator functioning as
an interlayer film, a planarization film, or the like, for
example.

The conductor 503 is provided to overlap with the oxide
530 and the conductor 560. Here, the conductor 503 is
preferably provided to be embedded in an opening formed in
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the insulator 516. Part of the conductor 503 is embedded in
the insulator 514 in some cases.

The conductor 503 includes the conductor 503a and the
conductor 5035. The conductor 503a is provided in contact
with a bottom surface and a sidewall of the opening. The
conductor 5035 is provided to be embedded in a recessed
portion formed in the conductor 503a. Here, the upper
portion of the conductor 5035 is substantially level with the
upper portion of the conductor 503a and the upper portion
of the insulator 516.

Here, for the conductor 503q, it is preferable to use a
conductive material having a function of inhibiting diffusion
of impurities such as a hydrogen atom, a hydrogen molecule,
a water molecule, a nitrogen atom, a nitrogen molecule, a
nitrogen oxide molecule (N,O, NO, NO,, or the like), and a
copper atom. Alternatively, it is preferable to use a conduc-
tive material having a function of inhibiting diffusion of
oxygen (e.g., at least one of an oxygen atom, an oxygen
molecule, and the like).

When the conductor 503« is formed using a conductive
material having a function of inhibiting diffusion of hydro-
gen, impurities such as hydrogen contained in the conductor
5035 can be prevented from diffusing into the oxide 530
through the insulator 524 and the like. When the conductor
503aq is formed using a conductive material having a func-
tion of inhibiting diffusion of oxygen, the conductivity of the
conductor 5035 can be inhibited from being lowered
because of oxidation. As the conductive material having a
function of inhibiting diffusion of oxygen, for example,
titanium, titanium nitride, tantalum, tantalum nitride, ruthe-
nium, or ruthenium oxide is preferably used. Thus, a single
layer or a stacked layer of the above conductive material is
used as the conductor 503a. For example, titanium nitride is
used for the conductor 503a.

Moreover, the conductor 5035 is preferably formed using
a conductive material containing tungsten, copper, or alu-
minum as its main component. For example, tungsten is
used for the conductor 50354.

The conductor 503 sometimes functions as a second gate
electrode. In that case, by changing a potential applied to the
conductor 503 not in conjunction with but independently of
a potential applied to the conductor 560, the threshold
voltage (V,,) of the transistor 500 can be controlled. In
particular, V,, of the transistor 500 can be higher in the case
where a negative potential is applied to the conductor 503,
and the off-state current can be reduced. Thus, drain current
at the time when a potential applied to the conductor 560 is
0 V can be lower in the case where a negative potential is
applied to the conductor 503 than in the case where the
negative potential is not applied to the conductor 503.

The electric resistivity of the conductor 503 is designed in
consideration of the potential applied to the conductor 503,
and the thickness of the conductor 503 is determined in
accordance with the electric resistivity. The thickness of the
insulator 516 is substantially equal to that of the conductor
503. The conductor 503 and the insulator 516 are preferably
as thin as possible in the allowable range of the design of the
conductor 503. When the thickness of the insulator 516 is
reduced, the absolute amount of impurities such as hydrogen
contained in the insulator 516 can be reduced, reducing the
amount of the impurities to be diffused into the oxide 530.

When seen from above, the conductor 503 is preferably
provided to be larger than a region of the oxide 530 that does
not overlap with the conductor 5424 or the conductor 54254.
As illustrated in FIG. 35B, it is particularly preferable that
the conductor 503 extend to a region outside end portions of
the oxide 530a and the oxide 5304 in the channel width
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direction. That is, the conductor 503 and the conductor 560
preferably overlap with each other with the insulators ther-
ebetween on the outer side of the side surface of the oxide
530 in the channel width direction. With this structure, the
channel formation region of the oxide 530 can be electrically
surrounded by the electric field of the conductor 560 func-
tioning as a first gate electrode and the electric field of the
conductor 503 functioning as the second gate electrode. In
this specification, a transistor structure in which a channel
formation region is electrically surrounded by electric fields
of'a first gate and a second gate is referred to as a surrounded
channel (S-channel) structure.

In this specification and the like, a transistor having the
S-channel structure refers to a transistor having a structure
in which a channel formation region is electrically sur-
rounded by the electric fields of a pair of gate electrodes. The
S-channel structure disclosed in this specification and the
like is different from a Fin-type structure and a planar
structure. With the S-channel structure, resistance to a
short-channel effect can be enhanced, that is, a transistor in
which a short-channel effect is less likely to occur can be
provided.

Furthermore, as illustrated in FIG. 35B, the conductor 503
is extended to function as a wiring as well. However,
without limitation to this structure, a structure in which a
conductor functioning as a wiring is provided below the
conductor 503 may be employed. In addition, the conductor
503 is not necessarily provided in each transistor. For
example, the conductor 503 may be shared by a plurality of
transistors.

Although the transistor 500 having a structure in which
the conductor 503 is a stack of the conductor 5034 and the
conductor 5035 is illustrated, the present invention is not
limited thereto. For example, the conductor 503 may be
provided to have a single-layer structure or a stacked-layer
structure of three or more layers.

The insulator 522 and the insulator 524 function as a gate
insulator.

It is preferable that the insulator 522 have a function of
inhibiting diffusion of hydrogen (e.g., at least one of a
hydrogen atom, a hydrogen molecule, and the like). In
addition, it is preferable that the insulator 522 have a
function of inhibiting diffusion of oxygen (e.g., at least one
of an oxygen atom, an oxygen molecule, and the like). For
example, the insulator 522 preferably has a function of
inhibiting diffusion of one or both of hydrogen and oxygen
more than the insulator 524.

As the insulator 522, an insulator containing an oxide of
one or both of aluminum and hafnium, which is an insulating
material, is preferably used. For the insulator, aluminum
oxide, hafnium oxide, an oxide containing aluminum and
hafnium (hafnium aluminate), or the like is preferably used.
In the case where the insulator 522 is formed using such a
material, the insulator 522 functions as a layer that inhibits
release of oxygen from the oxide 530 to the substrate side
and diffusion of impurities such as hydrogen from the
periphery of the transistor 500 into the oxide 530. Thus,
providing the insulator 522 can inhibit diffusion of impuri-
ties such as hydrogen into the transistor 500 and inhibit
generation of oxygen vacancies in the oxide 530. Moreover,
the conductor 503 can be inhibited from reacting with
oxygen contained in the insulator 524, the oxide 530, or the
like.

Alternatively, aluminum oxide, bismuth oxide, germa-
nium oxide, niobium oxide, silicon oxide, titanium oxide,
tungsten oxide, yttrium oxide, or zirconium oxide may be
added to the above insulator, for example. Alternatively,
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these insulators may be subjected to nitriding treatment. A
stack of silicon oxide, silicon oxynitride, or silicon nitride
over these insulators may be used for the insulator 522.

For example, a single layer or stacked layers of an
insulator containing what is called a high-k material such as
aluminum oxide, hafnium oxide, tantalum oxide, or zirco-
nium oxide may be used for the insulator 522. As miniatur-
ization and high integration of transistors progress, a prob-
lem such as leakage current may arise because of a thinner
gate insulator. When a high-k material is used for an
insulator functioning as the gate insulator, a gate potential at
the time when the transistor operates can be reduced while
the physical thickness is maintained. Furthermore, a sub-
stance with a high permittivity such as lead zirconate titanate
(PZT), strontium titanate (SrTiO;), or (Ba,Sr)TiO; (BST)
may be used for the insulator 522.

Silicon oxide or silicon oxynitride, for example, can be
used as appropriate for the insulator 524 that is in contact
with the oxide 530.

In a manufacturing process of the transistor 500, heat
treatment is preferably performed with a surface of the oxide
530 exposed. For example, the heat treatment is performed
at a temperature higher than or equal to 100° C. and lower
than or equal to 600° C., preferably higher than or equal to
350° C. and lower than or equal to 550° C. Note that the heat
treatment is performed in a nitrogen gas or inert gas atmo-
sphere, or an atmosphere containing an oxidizing gas at 10
ppm or more, 1% or more, or 10% or more. For example, the
heat treatment is preferably performed in an oxygen atmo-
sphere. This can supply oxygen to the oxide 530 to reduce
oxygen vacancies (Vo). The heat treatment may be per-
formed under reduced pressure. Alternatively, the heat treat-
ment may be performed in an atmosphere containing an
oxidizing gas at 10 ppm or more, 1% or more, or 10% or
more in order to compensate for released oxygen, after heat
treatment in a nitrogen gas or inert gas atmosphere. Alter-
natively, the heat treatment may be performed in a nitrogen
gas or inert gas atmosphere successively after heat treatment
is performed in an atmosphere containing an oxidizing gas
at 10 ppm or more, 1% or more, or 10% or more.

Note that oxygen adding treatment performed on the
oxide 530 can promote a reaction in which oxygen vacancies
in the oxide 530 are repaired with supplied oxygen, i.e., a
reaction of “Vo+O—snull”. Furthermore, hydrogen remain-
ing in the oxide 530 reacts with supplied oxygen, so that the
hydrogen can be removed as H,O (dehydration). This can
inhibit recombination of hydrogen remaining in the oxide
530 with oxygen vacancies and formation of VoH.

Note that the insulator 522 and the insulator 524 may each
have a stacked-layer structure of two or more layers. In that
case, without limitation to a stacked-layer structure formed
of the same material, a stacked-layer structure formed of
different materials may be employed. The insulator 524 may
be formed into an island shape so as to overlap with the
oxide 530a. In this case, the insulator 544 is in contact with
the side surface of the insulator 524 and the top surface of
the insulator 522.

The conductor 542a and the conductor 5425 are provided
in contact with the top surface of the oxide 5305. The
conductor 542a and the conductor 5425 function as a source
electrode and a drain electrode of the transistor 500.

For the conductor 542 (the conductor 542a¢ and the
conductor 542b), for example, a nitride containing tantalum,
a nitride containing titanium, a nitride containing molybde-
num, a nitride containing tungsten, a nitride containing
tantalum and aluminum, a nitride containing titanium and
aluminum, or the like is preferably used. In one embodiment
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of the present invention, a nitride containing tantalum is
particularly preferable. For another example, ruthenium
oxide, ruthenium nitride, an oxide containing strontium and
ruthenium, or an oxide containing lanthanum and nickel
may be used. These materials are preferable because they are
each a conductive material that is not easily oxidized or a
material that maintains the conductivity even after absorbing
oxygen.

Note that hydrogen contained in the oxide 5305 or the like
diffuses into the conductor 5424 or the conductor 5424 in
some cases. In particular, when a nitride containing tantalum
is used for the conductor 5424 and the conductor 5425,
hydrogen contained in the oxide 5305 or the like is likely to
diffuse into the conductor 542a or the conductor 54254, and
the diffused hydrogen is bonded to nitrogen contained in the
conductor 542a or the conductor 5425 in some cases. That
is, hydrogen contained in the oxide 5306 or the like is
absorbed by the conductor 5424 or the conductor 5425 in
some cases.

No curved surface is preferably formed between the side
surface of the conductor 542 and the top surface of the
conductor 542. When no curved surface is formed in the
conductor 542, the conductor 542 can have a large cross-
sectional area in the channel width direction. Accordingly,
the conductivity of the conductor 542 is increased, so that
the on-state current of the transistor 500 can be increased.

The insulator 571a is provided in contact with the top
surface of the conductor 542a, and the insulator 5715 is
provided in contact with the top surface of the conductor
542b. The insulator 571 preferably functions as at least a
barrier insulating film against oxygen. Thus, the insulator
571 preferably has a function of inhibiting oxygen diffusion.
For example, the insulator 571 preferably has a function of
inhibiting diffusion of oxygen more than the insulator 580.
For example, a nitride containing silicon such as silicon
nitride may be used for the insulator 571.

The insulator 571 preferably has a function of capturing
impurities such as hydrogen. In that case, for the insulator
571, a metal oxide having an amorphous structure, for
example, an insulator such as aluminum oxide or magne-
sium oxide, may be used. It is particularly preferable to use
aluminum oxide having an amorphous structure or amor-
phous aluminum oxide for the insulator 571 because hydro-
gen can be captured or fixed more effectively in some cases.
Accordingly, the transistor 500 and a semiconductor device,
which have favorable characteristics and high reliability, can
be manufactured.

The insulator 544 is provided to cover the insulator 524,
the oxide 530a, the oxide 53054, the conductor 542, and the
insulator 571. The insulator 544 preferably has a function of
capturing and fixing hydrogen. In that case, the insulator 544
preferably includes silicon nitride, or a metal oxide having
an amorphous structure, for example, an insulator such as
aluminum oxide or magnesium oxide. Alternatively, for
example, a stacked-layer film of aluminum oxide and silicon
nitride over the aluminum oxide may be used as the insulator
544.

When the above insulator 571 and the insulator 544 are
provided, the conductor 542 can be surrounded by the
insulators having a barrier property against oxygen. That is,
oxygen contained in the insulator 524 and the insulator 580
can be prevented from diffusing into the conductor 542. As
a result, the conductor 542 can be inhibited from being
directly oxidized by oxygen contained in the insulator 524
and the insulator 580, so that an increase in resistivity and
a reduction in on-state current can be inhibited.
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The insulator 552 functions as part of the gate insulator.
As the insulator 552, a barrier insulating film against oxygen
is preferably used. As the insulator 552, an insulator that can
be used as the insulator 574 described above may be used.
An insulator containing an oxide of one or both of aluminum
and hafnium is preferably used as the insulator 552. As the
insulator, aluminum oxide, hafnium oxide, an oxide con-
taining aluminum and hafnium (hafnium aluminate), an
oxide containing hafnium and silicon (hafnium silicate), or
the like can be used. In this embodiment, aluminum oxide is
used for the insulator 552. In this case, the insulator 552 is
an insulator containing at least oxygen and aluminum.

As illustrated in FIG. 35B, the insulator 552 is provided
in contact with the top surface and the side surface of the
oxide 5305, the side surface of the oxide 530a, the side
surface of the insulator 524, and the top surface of the
insulator 522. That is, the regions of the oxide 530a, the
oxide 5306, and the insulator 524 that overlap with the
conductor 560 are covered with the insulator 552 in the cross
section in the channel width direction. With this structure,
the insulator 552 having a barrier property against oxygen
can prevent release of oxygen from the oxide 530q and the
oxide 5305 at the time of heat treatment or the like. This can
inhibit formation of oxygen vacancies (Vo) in the oxide 530a
and the oxide 5305. Therefore, oxygen vacancies (Vo) and
VoH formed in the region 530b¢ can be reduced. Thus, the
transistor 500 can have favorable electrical characteristics
and higher reliability.

Even when an excess amount of oxygen is contained in
the insulator 580, the insulator 550, and the like, oxygen can
be inhibited from being excessively supplied to the oxide
530a and the oxide 53054. Thus, the region 530ba and the
region 53065 are prevented from being excessively oxidized
by oxygen through the region 5305c¢; a reduction in on-state
current or field-effect mobility of the transistor 500 can be
inhibited.

As illustrated in FIG. 35A, the insulator 552 is provided
in contact with the side surfaces of the conductor 542, the
insulator 571, the insulator 544, and the insulator 580. This
can inhibit formation of an oxide film on the side surface of
the conductor 542 by oxidization of the side surface.
Accordingly, a reduction in on-state current or field-effect
mobility of the transistor 500 can be inhibited.

Furthermore, the insulator 552 needs to be provided in an
opening formed in the insulator 580 and the like, together
with the insulator 554, the insulator 550, and the conductor
560. The thickness of the insulator 552 is preferably small
for miniaturization of the transistor 500. The thickness of the
insulator 552 is preferably greater than or equal to 0.1 nm,
greater than or equal to 0.5 nm, or greater than or equal to
1.0 nm, and less than or equal to 1.0 nm, less than or equal
to 3.0 nm, or less than or equal to 5.0 nm. Note that the
above-described lower limits and upper limits can be com-
bined with each other. In that case, at least part of the
insulator 552 includes a region having the above-described
thickness. The thickness of the insulator 552 is preferably
smaller than that of the insulator 550. In that case, at least
part of the insulator 552 includes a region having a thickness
smaller than that of the insulator 550.

To form the insulator 552 having a small thickness as
described above, an ALD method is preferably used for
deposition. Examples of an ALD method include a thermal
ALD method, in which a precursor and a reactant react with
each other only by thermal energy, and a PEALD (Plasma
Enhanced ALLD) method, in which a reactant excited by
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plasma is used. The use of plasma in a PEALD method is
sometimes preferable because deposition at a lower tem-
perature is possible.

An ALD method, which enables an atomic layer to be
deposited one by one using self-limiting characteristics by
atoms, has advantages such as deposition of an extremely
thin film, deposition on a component with a high aspect
ratio, deposition of a film with a small number of defects
such as pinholes, deposition with excellent coverage, and
low-temperature deposition. Therefore, the insulator 552 can
be formed on the side surface of the opening formed in the
insulator 580 and the like to have a small thickness as
described above and to have favorable coverage.

Note that some of precursors usable in an ALD method
contain carbon or the like. Thus, in some cases, a film
provided by an ALD method contains impurities such as
carbon in a larger amount than a film provided by another
deposition method. Note that impurities can be quantified by
secondary ion mass spectrometry (SIMS) or X-ray photo-
electron spectroscopy (XPS).

The insulator 550 functions as part of the gate insulator.
The insulator 550 is preferably provided in contact with the
top surface of the insulator 552. The insulator 550 can be
formed using silicon oxide, silicon oxynitride, silicon nitride
oxide, silicon nitride, silicon oxide to which fluorine is
added, silicon oxide to which carbon is added, silicon oxide
to which carbon and nitrogen are added, porous silicon
oxide, or the like. In particular, silicon oxide and silicon
oxynitride, which have thermal stability, are preferable. The
insulator 550 in this case is an insulator containing at least
oxygen and silicon.

As in the insulator 524, the concentration of impurities
such as water and hydrogen in the insulator 550 is preferably
reduced. The thickness of the insulator 550 is preferably
greater than or equal to 1 nm or greater than or equal to 0.5
nm and less than or equal to 15.0 nm or less than or equal
to 20 nm. Note that the above-described lower limits and
upper limits can be combined with each other. In that case,
at least part of the insulator 550 includes a region having the
above-described thickness.

Although FIG. 35A, FIG. 35B, and the like illustrate a
single-layer structure of the insulator 550, the present inven-
tion is not limited to this structure, and a stacked-layer
structure of two or more layers may be employed. For
example, as illustrated in FIG. 37B, the insulator 550 may
have a stacked-layer structure including two layers of an
insulator 5504 and an insulator 5505 over the insulator 550a.

In the case where the insulator 550 has a stacked-layer
structure of two layers as illustrated in FIG. 37B, it is
preferable that the insulator 550« in a lower layer be formed
using an insulator that is likely to transmit oxygen and the
insulator 5504 in an upper layer be formed using an insulator
having a function of inhibiting oxygen diffusion. With such
a structure, oxygen contained in the insulator 550a can be
inhibited from diffusing into the conductor 560. That is, a
reduction in the amount of oxygen supplied to the oxide 530
can be inhibited. In addition, oxidation of the conductor 560
due to oxygen contained in the insulator 550a can be
inhibited. For example, it is preferable that the insulator
550a be provided using any of the above-described materials
that can be used for the insulator 550 and the insulator 5505
be provided using an insulator containing an oxide of one or
both of aluminum and hafnium. As the insulator, aluminum
oxide, hafnium oxide, an oxide containing aluminum and
hafnium (hafnium aluminate), an oxide containing hatnium
and silicon (hafnium silicate), or the like can be used. In this
embodiment, hafnium oxide is used as the insulator 5505. In
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this case, the insulator 5505 is an insulator containing at
least oxygen and hafnium. The thickness of the insulator
55005 is preferably greater than or equal to 0.5 nm or greater
than or equal to 1.0 nm, and less than or equal to 3.0 nm or
less than or equal to 5.0 nm. Note that the above-described
lower limits and upper limits can be combined with each
other. In that case, at least part of the insulator 5505 includes
a region having the above-described thickness.

In the case where silicon oxide, silicon oxynitride, or the
like is used for the insulator 5504, the insulator 55056 may be
formed using an insulating material that is a high-k material
having a high dielectric constant. The gate insulator having
a stacked-layer structure of the insulator 550¢ and the
insulator 5505 can be thermally stable and can have a high
dielectric constant. Thus, a gate potential that is applied
during the operation of the transistor can be reduced while
the physical thickness of the gate insulator is maintained. In
addition, the equivalent oxide thickness (EOT) of the insu-
lator functioning as the gate insulator can be reduced.
Therefore, the withstand voltage of the insulator 550 can be
increased.

The insulator 554 functions as part of a gate insulator. As
the insulator 554, a barrier insulating film against hydrogen
is preferably used. This can prevent diffusion of impurities
such as hydrogen contained in the conductor 560 into the
insulator 550 and the oxide 5305. As the insulator 554, an
insulator that can be used as the insulator 522 or the insulator
524 described above may be used. For example, silicon
nitride deposited by a PEALD method may be used as the
insulator 554. In this case, the insulator 554 is an insulator
containing at least nitrogen and silicon.

Furthermore, the insulator 554 may have a barrier prop-
erty against oxygen. Thus, diffusion of oxygen contained in
the insulator 550 into the conductor 560 can be inhibited.

Furthermore, the insulator 554 needs to be provided in an
opening formed in the insulator 580 and the like, together
with the insulator 552, the insulator 550, and the conductor
560. The thickness of the insulator 554 is preferably small
for miniaturization of the transistor 500. The thickness of the
insulator 554 is preferably greater than or equal to 0.1 nm,
greater than or equal to 0.5 nm, or greater than or equal to
1.0 nm, and less than or equal to 3.0 nm or less than or equal
to 5.0 nm. Note that the above-described lower limits and
upper limits can be combined with each other. In that case,
at least part of the insulator 554 includes a region having the
above-described thickness. The thickness of the insulator
554 is preferably smaller than that of the insulator 550. In
that case, at least part of the insulator 554 includes a region
having a thickness smaller than that of the insulator 550.

The conductor 560 functions as the first gate electrode of
the transistor 500. The conductor 560 preferably includes the
conductor 560a and the conductor 5605 provided over the
conductor 560a. For example, the conductor 560a is pref-
erably provided to cover the bottom surface and the side
surface of the conductor 5605. As illustrated in FIG. 35A and
FIG. 35B, the upper portion of the conductor 560 is sub-
stantially level with the upper portion of the insulator 550.
Note that although the conductor 560 has a two-layer
structure of the conductor 560a and the conductor 5605 in
FIG. 35A and FIG. 35B, the conductor 560 can have, besides
the two-layer structure, a single-layer structure or a stacked-
layer structure of three or more layers.

For the conductor 560qa, a conductive material having a
function of inhibiting diffusion of impurities such as a
hydrogen atom, a hydrogen molecule, a water molecule, a
nitrogen atom, a nitrogen molecule, a nitrogen oxide mol-
ecule, and a copper atom is preferably used.
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Alternatively, it is preferable to use a conductive material
having a function of inhibiting diffusion of oxygen (e.g., at
least one of an oxygen atom, an oxygen molecule, and the
like).

In addition, when the conductor 560a has a function of
inhibiting diffusion of oxygen, the conductivity of the con-
ductor 5605 can be inhibited from being lowered because of
oxidation due to oxygen contained in the insulator 550. As
the conductive material having a function of inhibiting
diffusion of oxygen, for example, titanium, titanium nitride,
tantalum, tantalum nitride, ruthenium, or ruthenium oxide is
preferably used.

Furthermore, the conductor 560 also functions as a wiring
and thus is preferably a conductor having high conductivity.
For example, a conductive material containing tungsten,
copper, or aluminum as its main component can be used for
the conductor 5605. The conductor 5605 can have a stacked-
layer structure. Specifically, for example, the conductor
5605 can have a stacked-layer structure of titanium or
titanium nitride and the above conductive material.

In the transistor 500, the conductor 560 is formed in a
self-aligned manner to fill the opening formed in the insu-
lator 580 and the like. The formation of the conductor 560
in this manner allows the conductor 560 to be placed
properly in a region between the conductor 542a and the
conductor 5425 without alignment.

As illustrated in FIG. 35B, in the channel width direction
of the transistor 500, with reference to the bottom surface of
the insulator 522, the level of the bottom surface of the
conductor 560 in a region where the conductor 560 and the
oxide 5305 do not overlap with each other is preferably
lower than the level of the bottom surface of the oxide 5305.
When the conductor 560 functioning as the gate electrode
covers the side surface and the top surface of the channel
formation region of the oxide 5305 with the insulator 550
and the like therebetween, the electric field of the conductor
560 can easily act on the entire channel formation region of
the oxide 5304. Thus, the on-state current of the transistor
500 can be increased and the frequency characteristics of the
transistor 500 can be improved. The difference between the
level of the bottom surface of the conductor 560 in a region
where the oxide 530a and the oxide 53054 do not overlap
with the conductor 560 and the level of the bottom surface
of the oxide 5305, with reference to the bottom surface of the
insulator 522, is preferably greater than or equal to 0 nm,
greater than or equal to 3 nm, or greater than or equal to 5
nm, and less than or equal to 20 nm, less than or equal to 50
nm, or less than or equal to 100 nm. Note that the above-
described lower limits and upper limits can be combined
with each other.

The insulator 580 is provided over the insulator 544, and
the opening is formed in a region where the insulator 550
and the conductor 560 are to be provided. In addition, the top
surface of the insulator 580 may be planarized.

The insulator 580 functioning as an interlayer film pref-
erably has a low permittivity. When a material with a low
permittivity is used for an interlayer film, parasitic capaci-
tance generated between wirings can be reduced. The insu-
lator 580 is preferably provided using a material similar to
that for the insulator 516, for example. In particular, silicon
oxide and silicon oxynitride, which have thermal stability,
are preferable. Materials such as silicon oxide, silicon oxyni-
tride, and porous silicon oxide are particularly preferable
because a region containing oxygen to be released by
heating can be easily formed.

The concentration of impurities such as water and hydro-
gen in the insulator 580 is preferably reduced. An oxide
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containing silicon, such as silicon oxide or silicon oxyni-
tride, is used as appropriate for the insulator 580, for
example.

The insulator 574 preferably functions as a barrier insu-
lating film that inhibits impurities such as water and hydro-
gen from diffusing into the insulator 580 from above and
preferably has a function of capturing impurities such as
hydrogen. The insulator 574 preferably functions as a barrier
insulating film that inhibits passage of oxygen. For the
insulator 574, a metal oxide having an amorphous structure,
for example, an insulator such as aluminum oxide, can be
used. In this case, the insulator 574 is an insulator containing
at least oxygen and aluminum. The insulator 574, which has
a function of capturing impurities such as hydrogen, is
provided in contact with the insulator 580 in a region
sandwiched between the insulator 512 and the insulator 581,
whereby impurities such as hydrogen contained in the
insulator 580 and the like can be captured and the amount of
hydrogen in the region can be constant. It is particularly
preferable to use aluminum oxide having an amorphous
structure for the insulator 574, in which case hydrogen can
sometimes be captured or fixed more effectively. Accord-
ingly, the transistor 500 and a semiconductor device, which
have favorable characteristics and high reliability, can be
manufactured.

The insulator 576 functions as a barrier insulating film
that inhibits impurities such as water and hydrogen from
diffusing into the insulator 580 from above. The insulator
576 is provided over the insulator 574. The insulator 576 is
preferably formed using a nitride containing silicon such as
silicon nitride or silicon nitride oxide. For example, silicon
nitride deposited by a sputtering method may be used for the
insulator 576. When the insulator 576 is deposited by a
sputtering method, a high-density silicon nitride film can be
formed. To obtain the insulator 576, silicon nitride deposited
by a PEALD method or a CVD method may be stacked over
silicon nitride deposited by a sputtering method.

One of a first terminal and a second terminal of the
transistor 500 is electrically connected to a conductor 540a
serving as a plug, and the other of the first terminal and the
second terminal of the transistor 500 is electrically con-
nected to a conductor 5405. Note that in this specification
and the like, the conductor 540a and the conductor 5405 are
collectively referred to as the conductor 540.

The conductor 540qa is provided in a region overlapping
with the conductor 542a, for example. Specifically, an
opening portion is formed in the insulator 571, the insulator
544, the insulator 580, the insulator 574, the insulator 576,
and the insulator 581 illustrated in FIG. 35A and in an
insulator 582 and an insulator 586 illustrated in FIG. 34 in
the region overlapping with the conductor 542a, and the
conductor 540a is provided inside the opening portion. The
conductor 5405 is provided in a region overlapping with the
conductor 5425, for example. Specifically, an opening por-
tion is formed in the insulator 571, the insulator 544, the
insulator 580, the insulator 574, the insulator 576, and the
insulator 581 illustrated in FIG. 35A and in the insulator 582
and the insulator 586 illustrated in FIG. 34 in the region
overlapping with the conductor 54254, and the conductor
5405 is provided inside the opening portion. Note that the
insulator 582 and the insulator 586 will be described later.

As illustrated in FIG. 35A, an insulator 541a as an
insulator having an impurity barrier property may be pro-
vided between the conductor 540a and the side surface of the
opening portion in the region overlapping with the conduc-
tor 542a. Similarly, an insulator 5415 as an insulator having
an impurity barrier property may be provided between the
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conductor 54056 and the side surface of the opening portion
in the region overlapping with the conductor 5425. Note that
in this specification and the like, the insulator 541a and the
insulator 5415 are collectively referred to as the insulator
541.

For the conductor 540a and the conductor 5405, a con-
ductive material containing tungsten, copper, or aluminum
as its main component is preferably used. The conductor
540q and the conductor 5405 may each have a stacked-layer
structure.

In the case where the conductor 540 has a stacked-layer
structure, a conductive material having a function of inhib-
iting passage of impurities such as water and hydrogen is
preferably used for a first conductor provided in the vicinity
of the insulator 574, the insulator 576, the insulator 581, the
insulator 580, the insulator 544, and the insulator 571. For
example, tantalum, tantalum nitride, titanium, titanium
nitride, ruthenium, ruthenium oxide, or the like is preferably
used. The conductive material having a function of inhibit-
ing passage of impurities such as water and hydrogen may
be used as a single layer or stacked layers. Moreover,
impurities such as water and hydrogen contained in a layer
above the insulator 576 can be inhibited from entering the
oxide 530 through the conductor 540a and the conductor
5405.

For the insulator 541a and the insulator 54154, a barrier
insulating film that can be used for the insulator 544 or the
like may be used. For the insulator 541a and the insulator
5415, for example, an insulator such as silicon nitride,
aluminum oxide, or silicon nitride oxide may be used. Since
the insulator 541a and the insulator 5415 are provided in
contact with the insulator 574, the insulator 576, and the
insulator 571, impurities such as water and hydrogen con-
tained in the insulator 580 or the like can be inhibited from
entering the oxide 530 through the conductor 540q and the
conductor 54056. In particular, silicon nitride is suitable
because of its high blocking property against hydrogen.
Furthermore, oxygen contained in the insulator 580 can be
prevented from being absorbed by the conductor 540a and
the conductor 5405.

When the insulator 541a and the insulator 5415 each have
a stacked-layer structure as illustrated in FIG. 35A, a first
insulator in contact with an inner wall of the opening in the
insulator 580 and the like and a second insulator inside the
first insulator are preferably formed using a combination of
a barrier insulating film against oxygen and a barrier insu-
lating film against hydrogen.

For example, aluminum oxide deposited by an ALD
method may be used as the first insulator and silicon nitride
deposited by a PEALD method may be used as the second
insulator. With this structure, oxidation of the conductor 540
can be inhibited, and hydrogen can be inhibited from enter-
ing the conductor 540.

Although the first insulator of the insulator 541 and the
second conductor of the insulator 541 are stacked in the
transistor 500, the present invention is not limited thereto.
For example, the insulator 541 may have a single-layer
structure or a stacked-layer structure of three or more layers.
Although the first conductor of the conductor 540 and the
second conductor of the conductor 540 are stacked in the
transistor 500, the present invention is not limited thereto.
For example, the conductor 540 may have a single-layer
structure or a stacked-layer structure of three or more layers.

As illustrated in FIG. 34, a conductor 610, a conductor
612, and the like serving as wirings may be provided in
contact with the upper portion of the conductor 5404 and the
upper portion of the conductor 5405. For the conductor 610
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and the conductor 612, a conductive material containing
tungsten, copper, or aluminum as its main component is
preferably used. The conductors can each have a stacked-
layer structure. Specifically, the conductors may each be a
stack of titanium or a titanium nitride and any of the above
conductive materials, for example. Note that the conductors
may each be formed to be embedded in an opening provided
in an insulator.

The structure of the transistor included in the semicon-
ductor device of one embodiment of the present invention is
not limited to that of the transistor 500 illustrated in FIG. 34,
FIG. 35A, FIG. 35B, and FIG. 36. The structure of the
transistor included in the semiconductor device of one
embodiment of the present invention may be changed in
accordance with circumstances.

For example, the transistor 500 illustrated in FIG. 34,
FIG. 35A, FIG. 35B, and FIG. 36 may have a structure
illustrated in FIG. 38. The transistor in FIG. 38 is different
from the transistor 500 illustrated in FI1G. 34, FIG. 35A, FIG.
35B, and FIG. 36 in including an oxide 543 and an oxide
543b. Note that in this specification and the like, the oxide
543a and the oxide 5435 are collectively referred to as an
oxide 543. The cross section in the channel width direction
of'the transistor in FIG. 38 can have a structure similar to the
cross section of the transistor 500 illustrated in FIG. 35B.

The oxide 543a is provided between the oxide 5305 and
the conductor 5424, and the oxide 5435 is provided between
the oxide 53054 and the conductor 5425. Here, the oxide 543a
is preferably in contact with the top surface of the oxide
5305 and the bottom surface of the conductor 5424. The
oxide 5435 is preferably in contact with the top surface of
the oxide 5305 and the bottom surface of the conductor
542b.

The oxide 543 preferably has a function of inhibiting
passage of oxygen. The oxide 543 having a function of
inhibiting passage of oxygen is preferably provided between
the oxide 5306 and the conductor 542 functioning as the
source electrode or the drain electrode, in which case the
electric resistance between the conductor 542 and the oxide
5306 can be reduced. Such a structure can improve the
electrical characteristics, the field-effect mobility, and the
reliability of the transistor 500 in some cases.

A metal oxide containing the element M may be used as
the oxide 543. In particular, aluminum, gallium, yttrium, or
tin is preferably used as the element M. The concentration of
the element M in the oxide 543 is preferably higher than that
in the oxide 5305. Furthermore, gallium oxide may be used
as the oxide 543. A metal oxide such as an In-M-Zn oxide
may be used as the oxide 543. Specifically, the atomic ratio
of the element M to In in the metal oxide used as the oxide
is preferably greater than the atomic ratio of the element M
to In in the metal oxide used as the oxide 5305. The
thickness of the oxide 543 is preferably greater than or equal
to 0.5 nm or greater than or equal to 1 nm, and less than or
equal to 2 nm, less than or equal to 3 nm, or less than or
equal to 5 nm. Note that the above-described lower limits
and upper limits can be combined with each other. The oxide
543 preferably has crystallinity. In the case where the oxide
543 has crystallinity, release of oxygen from the oxide 530
can be suitably inhibited. When the oxide 543 has a hex-
agonal crystal structure, for example, release of oxygen from
the oxide 530 can sometimes be inhibited.

The insulator 582 is provided over the insulator 581, and
the insulator 586 is provided over the insulator 582.

A substance having a barrier property against oxygen,
hydrogen, or the like is preferably used for the insulator 582.
Thus, a material similar to that for the insulator 514 can be
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used for the insulator 582. For the insulator 582, a metal
oxide such as aluminum oxide, hafnium oxide, or tantalum
oxide is preferably used, for example.

For the insulator 586, a material similar to that for the
insulator 320 can be used. Furthermore, when a material
with a relatively low permittivity is used for these insulators,
parasitic capacitance generated between wirings can be
reduced. A silicon oxide film, a silicon oxynitride film, or the
like can be used for the insulator 586, for example.

Next, the capacitor 600 and peripheral wirings or plugs
included in the semiconductor device illustrated in FIG. 34
and FIG. 36 will be described. Note that the capacitor 600
and the wiring and/or the plug are provided above the
transistor 500 illustrated in FIG. 34 and FIG. 36. The
capacitor 600 includes the conductor 610, a conductor 620,
and an insulator 630, for example.

The conductor 610 is provided over one of the conductor
540q and the conductor 5405, the conductor 546, and the
insulator 586. The conductor 610 has a function of one of a
pair of electrodes of the capacitor 600.

The conductor 612 is provided over the other of the
conductor 540a and the conductor 5406 and the insulator
586. The conductor 612 has a function of a plug, a wiring,
a terminal, or the like that is electrically connected to the
transistor 500. Specifically, the conductor 612 can be the
wiring WAD or the wiring WBD in the arithmetic circuit
MACS described in Embodiment 1, for example.

Note that the conductor 612 and the conductor 610 may
be formed at the same time.

For the conductor 612 and the conductor 610, a metal film
containing an element selected from molybdenum, titanium,
tantalum, tungsten, aluminum, copper, chromium, neo-
dymium, and scandium; a metal nitride film containing the
above element as its component (a tantalum nitride film, a
titanium nitride film, a molybdenum nitride film, or a
tungsten nitride film); or the like can be used. Alternatively,
it is possible to use a conductive material such as indium tin
oxide, indium oxide containing tungsten oxide, indium zinc
oxide containing tungsten oxide, indium oxide containing
titanium oxide, indium tin oxide containing titanium oxide,
indium zinc oxide, or indium tin oxide to which silicon
oxide is added.

The conductor 612 and the conductor 610 each have a
single-layer structure in FIG. 34; however, the structure is
not limited thereto, and a stacked-layer structure of two or
more layers may be employed. For example, between a
conductor having a barrier property and a conductor having
high conductivity, a conductor that is highly adhesive to the
conductor having a barrier property and the conductor
having high conductivity may be formed.

The insulator 630 is provided over the insulator 586 and
the conductor 610. The insulator 630 functions as a dielec-
tric sandwiched between the pair of electrodes of the capaci-
tor 600.

As the insulator 630, for example, silicon oxide, silicon
oxynitride, silicon nitride oxide, silicon nitride, aluminum
oxide, aluminum oxynitride, aluminum nitride oxide, alu-
minum nitride, hafnium oxide, hafnium oxynitride, hatnium
nitride oxide, hafnium nitride, or zirconium oxide can be
used. The insulator 630 can be provided to have a stacked-
layer structure or a single-layer structure using any of the
above materials.

Note that in this specification, hafnium oxynitride refers
to a material that has a higher oxygen content than a nitrogen
content, and hafnium nitride oxide refers to a material that
has a higher nitrogen content than an oxygen content.
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For another example, the insulator 630 may have a
stacked-layer structure using a material with high dielectric
strength, such as silicon oxynitride, and a high-permittivity
(high-k) material. In the capacitor 600 having such a struc-
ture, a sufficient capacitance can be ensured owing to the
high-permittivity (high-k) insulator, and the dielectric
strength can be increased owing to the insulator with high
dielectric strength; hence, the electrostatic breakdown of the
capacitor 600 can be inhibited.

Examples of an insulator that is the high-permittivity
(high-k) material (a material having a high dielectric con-
stant) include gallium oxide, hafnium oxide, zirconium
oxide, an oxide containing aluminum and hafnium, an
oxynitride containing aluminum and hafnium, an oxide
containing silicon and hafnium, an oxynitride containing
silicon and hafnium, and a nitride containing silicon and
hafnium.

Alternatively, for example, a single layer or stacked layers
of an insulator containing a high-k material such as alumi-
num oxide, hafhium oxide, tantalum oxide, zirconium oxide,
lead zirconate titanate (PZT), strontium titanate (SrTiOj;), or
(Ba,Sr)Ti0; (BST) may be used as the insulator 630. For the
insulator 630, a compound containing hafnium and zirco-
nium may be used, for example. As miniaturization and high
integration of semiconductor devices progress, a problem
such as leakage current from a transistor and/or a capacitor
might arise because of a thinner gate insulator and a thinner
dielectric used in the capacitor. When a high-k material is
used for an insulator functioning as the gate insulator and the
dielectric used in the capacitor, a gate potential during the
operation of the transistor can be lowered and the capaci-
tance of the capacitor can be ensured while the physical
thicknesses of the gate insulator and the dielectric are
maintained. Alternatively, a material having ferroelectricity
may be used for the insulator 630. As a material having
ferroelectricity, for example, a mixed crystal of hafnium
oxide and zirconium oxide (also referred to as “HZ0O”) or a
material in which the element.J (the element Jis silicon (Si),
aluminum (A1), gadolinium (Gd), yttrium (Y), lanthanum
(La), strontium (Sr), or the like) is added to hafhium oxide
can be used. Alternatively, a piezoelectric ceramic having a
perovskite structure may be used for the insulator 630. For
example, lead zirconate titanate (PZT), strontium bismuth
tantalate (SBT), bismuth ferrite (BFO), or barium titanate
may be used. Alternatively, yttria-stabilized zirconia (YSZ),
PbTiO,, barium strontium titanate (BST), strontium titanate,
or the like may be used for the insulator 630.

The conductor 620 is provided to overlap with the con-
ductor 610 with the insulator 630 therebetween. The con-
ductor 610 has a function of one of the pair of electrodes of
the capacitor 600. The conductor 620 can be the wiring XAL
or the wiring XBL in the arithmetic circuit MAC5 described
in Embodiment 1, for example.

For the conductor 620, a conductive material such as a
metal material, an alloy material, or a metal oxide material
can be used. It is preferable to use a high-melting-point
material that has both heat resistance and conductivity, such
as tungsten or molybdenum, and it is particularly preferable
to use tungsten. In the case where the conductor 620 is
formed concurrently with another component such as a
conductor, Cu (copper), Al (aluminum), or the like, which
is a low-resistance metal material, is used. For example, the
conductor 620 can be formed using a material that can be
used for the conductor 610. The conductor 620 may have a
stacked-layer structure of two or more layers instead of a
single-layer structure.
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An insulator 640 is provided over the conductor 620 and
the insulator 630. The insulator 640 is preferably formed
using a film having a barrier property that prevents hydro-
gen, impurities, or the like from diffusing into the region
where the transistor 500 is provided, for example. Thus, a
material similar to that for the insulator 324 can be used.

An insulator 650 is provided over the insulator 640. The
insulator 650 can be provided using a material similar to that
for the insulator 320. The insulator 650 may function as a
planarization film that covers an uneven shape thereunder.
Thus, the insulator 650 can be formed using any of the
materials that can be used for the insulator 324, for example.

Although the capacitor 600 illustrated in FIG. 34 and FIG.
36 is a planar capacitor, the shape of the capacitor is not
limited thereto. For example, the capacitor 600 may be a
cylindrical capacitor instead of a planar capacitor.

A wiring layer may be provided above the capacitor 600.
For example, in FIG. 34, an insulator 411, an insulator 412,
an insulator 413, and an insulator 414 are provided in this
order above the insulator 650. In addition, a conductor 416
serving as a plug or a wiring is provided in the insulator 411,
the insulator 412, and the insulator 413. The conductor 416
can be provided, for example, in a region overlapping with
a conductor 660 to be described later.

In addition, in the insulator 630, the insulator 640, and the
insulator 650, an opening portion is provided in a region
overlapping with the conductor 612, and the conductor 660
is provided to fill the opening portion. The conductor 660
serves as a plug or a wiring that is electrically connected to
the conductor 416 included in the above-described wiring
layer.

Like the insulator 324 or the like, the insulator 411 and the
insulator 414 are each preferably formed using an insulator
having a barrier property against impurities such as water
and hydrogen, for example. Thus, the insulator 411 and the
insulator 414 can be formed using any of the materials that
can be used for the insulator 324 or the like, for example.

Like the insulator 326, the insulator 412 and the insulator
413 are each preferably formed using, for example, an
insulator having a relatively low dielectric constant to
reduce the parasitic capacitance generated between wirings.

The conductor 612 and the conductor 416 can be provided
using materials similar to those for the conductor 328 and
the conductor 330, for example.

When a semiconductor device using a transistor including
an oxide semiconductor has the structure described in this
embodiment, a change in electrical characteristics of the
transistor can be inhibited and the reliability can be
improved. Alternatively, a semiconductor device using a
transistor including an oxide semiconductor can be minia-
turized or highly integrated.

Note that this embodiment can be combined with any of
the other embodiments in this specification as appropriate.

Embodiment 6

Described in this embodiment is a metal oxide (herein-
after, also referred to as an oxide semiconductor) that can be
used in the OS transistor described in the above embodi-
ment.

The metal oxide preferably contains at least indium or
zine. In particular, indium and zinc are preferably contained.
In addition, aluminum, gallium, yttrium, tin, or the like is
preferably contained. Furthermore, one or more kinds
selected from boron, silicon, titanium, iron, nickel, germa-
nium, zirconium, molybdenum, lanthanum, cerium, neo-
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dymium, hafnium, tantalum, tungsten, magnesium, cobalt,
and the like may be contained.
<Classification of Crystal Structure>

First, the classification of the crystal structures of an oxide
semiconductor is described with reference to FIG. 39A. FIG.
39A is a diagram showing the classification of crystal
structures of an oxide semiconductor, typically IGZO (a
metal oxide containing In, Ga, and Zn).

As shown in FIG. 39A, an oxide semiconductor is roughly
classified into “Amorphous”, “Crystalline”, and “Crystal”.
The term “Amorphous” includes completely amorphous.
The term “Crystalline” includes CAAC (c-axis-aligned crys-
talline), nc (nanocrystalline), and CAC (Cloud-Aligned
Composite) (excluding single crystal and poly crystal). Note
that the term “Crystalline” excludes single crystal, poly
crystal, and completely amorphous. The term “Crystal”
includes single crystal and poly crystal.

Note that the structures in the thick frame in FIG. 39A are
in an intermediate state between “Amorphous” and “Crys-
tal”, and belong to a new crystalline phase. That is, these
structures are completely different from “Amorphous”,
which is energetically unstable, and “Crystal”.

Note that a crystal structure of a film or a substrate can be
evaluated with an X-ray diffraction (XRD) spectrum. FIG.
39B shows an XRD spectrum, which is obtained by GIXD
(Grazing-Incidence XRD) measurement, of a CAAC-1GZO
film classified into “Crystalline” (the vertical axis represents
intensity in arbitrary unit (a.u.)). Note that a GIXD method
is also referred to as a thin film method or a Seemann-Bohlin
method. The XRD spectrum that is shown in FIG. 39B and
obtained by GIXD measurement is hereinafter simply
referred to as an XRD spectrum. The CAAC-IGZO film in
FIG. 39B has a composition in the neighborhood of In:Ga:
7Zn=4:2:3 [atomic ratio]. The CAAC-IGZO film in FIG. 39B
has a thickness of 500 nm.

As shown in FIG. 39B, a clear peak indicating crystal-
linity is detected in the XRD spectrum of the CAAC-1GZO
film. Specifically, a peak indicating c-axis alignment is
detected at 20 of around 31° in the XRD spectrum of the
CAAC-IGZO film. As shown in FIG. 39B, the peak at 20 of
around 31° is asymmetric with respect to the axis of the
angle at which the peak intensity is detected.

A crystal structure of a film or a substrate can also be
evaluated with a diffraction pattern obtained by a nanobeam
electron diffraction method (NBED) (such a pattern is also
referred to as a nanobeam electron diffraction pattern). FI1G.
39C shows a diffraction pattern of the CAAC-IGZO film.
FIG. 39C shows a diffraction pattern obtained by the NBED
in which an electron beam is incident in the direction parallel
to the substrate. The composition of the CAAC-IGZO film
in FIG. 39C is In:Ga:Zn=4:2:3 [atomic ratio] or the neigh-
borhood thereof. In the nanobeam electron diffraction
method, electron diffraction is performed with a probe
diameter of 1 nm.

As shown in FIG. 39C, a plurality of spots indicating
c-axis alignment are observed in the diffraction pattern of the
CAAC-IGZO film.
<<Structure of Oxide Semiconductor>>

Oxide semiconductors might be classified in a manner
different from one shown in FIG. 39A when classified in
terms of the crystal structure. Oxide semiconductors are
classified into a single crystal oxide semiconductor and a
non-single-crystal oxide semiconductor, for example.
Examples of the non-single-crystal oxide semiconductor
include the above-described CAAC-OS and nc-OS. Other
examples of the non-single-crystal oxide semiconductor
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include a polycrystalline oxide semiconductor, an amor-
phous-like oxide semiconductor (a-like OS), and an amor-
phous oxide semiconductor.

Here, the above-described CAAC-0S, nc-0O8S, and a-like
OS are described in detail.

[CAAC-OS]

The CAAC-OS is an oxide semiconductor that has a
plurality of crystal regions each of which has c-axis align-
ment in a particular direction. Note that the particular
direction refers to the thickness direction of a CAAC-OS
film, the normal direction of the surface where the CAAC-
OS film is formed, or the normal direction of the surface of
the CAAC-OS film. The crystal region refers to a region
having a periodic atomic arrangement. When an atomic
arrangement is regarded as a lattice arrangement, the crystal
region also refers to a region with a uniform lattice arrange-
ment. The CAAC-OS has a region where a plurality of
crystal regions are connected in the a-b plane direction, and
the region has distortion in some cases. Note that distortion
refers to a portion where the direction of a lattice arrange-
ment changes between a region with a uniform lattice
arrangement and another region with a uniform lattice
arrangement in a region where a plurality of crystal regions
are connected. That is, the CAAC-OS is an oxide semicon-
ductor having c-axis alignment and having no clear align-
ment in the a-b plane direction.

Note that each of the plurality of crystal regions is formed
of one or more minute crystals (crystals each of which has
a maximum diameter of less than 10 nm). In the case where
the crystal region is formed of one minute crystal, the
maximum diameter of the crystal region is less than 10 nm.
In the case where the crystal region is formed of a large
number of minute crystals, the size of the crystal region may
be approximately several tens of nanometers.

In the case of an In-M-Zn oxide (the element M is one or
more kinds selected from aluminum, gallium, yttrium, tin,
titanium, and the like), the CAAC-OS tends to have a
layered crystal structure (also referred to as a layered struc-
ture) in which a layer containing indium (In) and oxygen
(hereinafter, an In layer) and a layer containing the element
M, zinc (Zn), and oxygen (hereinafter, an (M,Zn) layer) are
stacked. Indium and the element M can be replaced with
each other. Therefore, indium may be contained in the
(M,Zn) layer. In addition, the element M may be contained
in the In layer. Note that Zn may be contained in the In layer.
Such a layered structure is observed as a lattice image in a
high-resolution TEM image, for example.

When the CAAC-OS film is subjected to structural analy-
sis by Out-of-plane XRD measurement with an XRD appa-
ratus using 6/26 scanning, for example, a peak indicating
c-axis alignment is detected at 260 of 31° or around 31°. Note
that the position of the peak indicating c-axis alignment (the
value of 20) may change depending on the kind, composi-
tion, or the like of the metal element contained in the
CAAC-OS.

For example, a plurality of bright spots are observed in the
electron diffraction pattern of the CAAC-OS film. Note that
one spot and another spot are observed point-symmetrically
with a spot of the incident electron beam passing through a
sample (also referred to as a direct spot) as the symmetric
center.

When the crystal region is observed from the particular
direction, a lattice arrangement in the crystal region is
basically a hexagonal lattice arrangement; however, a unit
lattice is not always a regular hexagon and is a non-regular
hexagon in some cases. A pentagonal lattice arrangement, a
heptagonal lattice arrangement, and the like are included in
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the distortion in some cases. Note that a clear crystal grain
boundary (also referred to as grain boundary) cannot be
observed even in the vicinity of the distortion in the CAAC-
OS. That is, formation of a crystal grain boundary is
inhibited by the distortion of lattice arrangement. This is
probably because the CAAC-OS can tolerate distortion
owing to a low density of arrangement of oxygen atoms in
the a-b plane direction, an interatomic bond distance
changed by substitution of a metal atom, and the like.

Note that a crystal structure in which a clear crystal grain
boundary is observed is what is called polycrystal. It is
highly probable that the crystal grain boundary becomes a
recombination center and traps carriers and thus decreases
the on-state current and field-effect mobility of a transistor,
for example. Thus, the CAAC-OS in which no clear crystal
grain boundary is observed is one of crystalline oxides
having a crystal structure suitable for a semiconductor layer
of a transistor. Note that Zn is preferably contained to form
the CAAC-OS. For example, an In—Z7n oxide and an
In—Ga—7n oxide are suitable because they can inhibit
generation of a crystal grain boundary as compared with an
In oxide.

The CAAC-OS is an oxide semiconductor with high
crystallinity in which no clear crystal grain boundary is
observed. Thus, in the CAAC-0OS, a reduction in electron
mobility due to the crystal grain boundary is unlikely to
occur. Moreover, since the crystallinity of an oxide semi-
conductor might be decreased by entry of impurities, for-
mation of defects, or the like, the CAAC-OS can be regarded
as an oxide semiconductor that has small amounts of impu-
rities, defects (e.g., oxygen vacancies), and the like. Thus, an
oxide semiconductor including the CAAC-OS is physically
stable. Therefore, the oxide semiconductor including the
CAAC-OS is resistant to heat and has high reliability. In
addition, the CAAC-OS is stable with respect to high
temperatures in the manufacturing process (what is called
thermal budget). Accordingly, the use of the CAAC-OS for
the OS transistor can extend the degree of freedom of the
manufacturing process.

[nc-OS]

In the nc-OS, a microscopic region (e.g., a region with a
size greater than or equal to 1 nm and less than or equal to
10 nm, in particular, a region with a size greater than or
equal to 1 nm and less than or equal to 3 nm) has a periodic
atomic arrangement. In other words, the nc-OS includes a
minute crystal. Note that the size of the minute crystal is, for
example, greater than or equal to 1 nm and less than or equal
to 10 nm, particularly greater than or equal to 1 nm and less
than or equal to 3 nm; thus, the minute crystal is also referred
to as a nanocrystal. Furthermore, there is no regularity of
crystal orientation between different nanocrystals in the
nc-OS. Thus, the orientation in the whole film is not
observed. Accordingly, the nc-OS cannot be distinguished
from an a-like OS and an amorphous oxide semiconductor
by some analysis methods. For example, when an nc-OS
film is subjected to structural analysis by Out-of-plane XRD
measurement with an XRD apparatus using 6/20 scanning,
a peak indicating crystallinity is not detected. Furthermore,
a diffraction pattern like a halo pattern is observed when the
nc-OS film is subjected to electron diffraction (also referred
to as selected-area clectron diffraction) using an electron
beam with a probe diameter larger than the diameter of a
nanocrystal (e.g., larger than or equal to 50 nm). Meanwhile,
in some cases, a plurality of spots in a ring-like region with
a direct spot as the center are observed in the obtained
electron diffraction pattern when the nc-OS film is subjected
to electron diffraction (also referred to as nanobeam electron
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diffraction) using an electron beam with a probe diameter
nearly equal to or smaller than the diameter of a nanocrystal
(e.g., 1 nm or larger and 30 nm or smaller).

[a-like OS]

The a-like OS is an oxide semiconductor having a struc-
ture between those of the nc-OS and the amorphous oxide
semiconductor. The a-like OS contains a void or a low-
density region. That is, the a-like OS has low crystallinity as
compared with the nc-OS and the CAAC-OS. Moreover, the
a-like OS has a higher hydrogen concentration in the film
than the nc-OS and the CAAC-OS.
<<Structure of Oxide Semiconductor>>

Next, the above-described CAC-OS is described in detail.
Note that the CAC-OS relates to the material composition.
[CAC-08]

The CAC-OS refers to one composition of a material in
which elements constituting a metal oxide are unevenly
distributed with a size greater than or equal to 0.5 nm and
less than or equal to 10 nm, preferably greater than or equal
to 1 nm and less than or equal to 3 nm, or a similar size, for
example. Note that a state in which one or more metal
elements are unevenly distributed and regions including the
metal element(s) are mixed with a size greater than or equal
to 0.5 nm and less than or equal to 10 nm, preferably greater
than or equal to 1 nm and less than or equal to 3 nm, or a
similar size in a metal oxide is hereinafter referred to as a
mosaic pattern or a patch-like pattern.

In addition, the CAC-OS has a composition in which
materials are separated into a first region and a second region
to form a mosaic pattern, and the first regions are distributed
in the film (this composition is hereinafter also referred to as
a cloud-like composition). That is, the CAC-OS is a com-
posite metal oxide having a composition in which the first
regions and the second regions are mixed.

Here, the atomic ratios of In, Ga, and Zn to the metal
elements contained in the CAC-OS in an In—Ga—Zn oxide
are denoted by [In], [Ga], and [Zn], respectively. For
example, the first region in the CAC-OS in the In—Ga—Z7n
oxide has [In] higher than [In] in the composition of the
CAC-OS film. Moreover, the second region has [Ga] higher
than [Ga] in the composition of the CAC-OS film. Alterna-
tively, for example, the first region has [In] higher than [In]
in the second region and [Ga] lower than [Ga] in the second
region. Moreover, the second region has [Ga] higher than
[Ga] in the first region and [In] lower than [In] in the first
region.

Specifically, the first region contains indium oxide,
indium zinc oxide, or the like as its main component. The
second region contains gallium oxide, gallium zinc oxide, or
the like as its main component. That is, the first region can
be rephrased as a region containing In as its main compo-
nent. The second region can be rephrased as a region
containing Ga as its main component.

Note that a clear boundary between the first region and the
second region cannot be observed in some cases.

For example, in EDX mapping obtained by energy dis-
persive X-ray spectroscopy (EDX), it is confirmed that the
CAC-OS in the In—Ga—Zn oxide has a structure in which
the region containing In as its main component (the first
region) and the region containing Ga as its main component
(the second region) are unevenly distributed and mixed.

In the case where the CAC-OS is used for a transistor, a
switching function (On/Off switching function) can be given
to the CAC-OS owing to the complementary action of the
conductivity derived from the first region and the insulating
property derived from the second region. That is, the CAC-
OS has a conducting function in part of the material and has
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an insulating function in another part of the material; as a
whole, the CAC-OS has a function of a semiconductor.
Separation of the conducting function and the insulating
function can maximize each function. Accordingly, when the
CAC-OS is used for a transistor, a high on-state current
(Ion), high field-effect mobility (u), and excellent switching
operation can be achieved.

An oxide semiconductor has various structures with dif-
ferent properties. Two or more kinds among the amorphous
oxide semiconductor, the polycrystalline oxide semiconduc-
tor, the a-like OS, the CAC-0S, the nc-OS, and the CAAC-
OS may be included in an oxide semiconductor of one
embodiment of the present invention.
<Transistor Including Oxide Semiconductor>

Next, the case where the above oxide semiconductor is
used for a transistor is described.

When the above oxide semiconductor is used for a
transistor, a transistor with high field-effect mobility can be
achieved. In addition, a transistor having high reliability can
be achieved.

An oxide semiconductor having a low carrier concentra-
tion is preferably used in a transistor. For example, the
carrier concentration of an oxide semiconductor is lower
than or equal to 1x10'” em™>, preferably lower than or equal
to 1x10%° c¢m™>, further preferably lower than or equal to
1x10" cm™>, still further preferably lower than or equal to
1x10'" cm™3, yet further preferably lower than 1x10'° cm™>,
and higher than or equal to 1x10~° ¢cm™>. In order to reduce
the carrier concentration of an oxide semiconductor film, the
impurity concentration in the oxide semiconductor film is
reduced so that the density of defect states can be reduced.
In this specification and the like, a state with a low impurity
concentration and a low density of defect states is referred
to as a highly purified intrinsic or substantially highly
purified intrinsic state. Note that an oxide semiconductor
having a low carrier concentration may be referred to as a
highly purified intrinsic or substantially highly purified
intrinsic oxide semiconductor.

A highly purified intrinsic or substantially highly purified
intrinsic oxide semiconductor film has a low density of
defect states and thus also has a low density of trap states in
some cases.

Charge trapped by the trap states in the oxide semicon-
ductor takes a long time to disappear and might behave like
fixed charge. Thus, a transistor whose channel formation
region is formed in an oxide semiconductor with a high
density of trap states has unstable electrical characteristics in
some cases.

Accordingly, in order to obtain stable electrical charac-
teristics of a transistor, reducing the impurity concentration
in an oxide semiconductor is effective. In order to reduce the
impurity concentration in the oxide semiconductor, it is
preferable that the impurity concentration in an adjacent film
be also reduced. Examples of impurities include hydrogen,
nitrogen, an alkali metal, an alkaline earth metal, iron,
nickel, and silicon.
<Impurity>

Here, the influence of each impurity in the oxide semi-
conductor is described.

When silicon, carbon, or the like which is one of Group
14 elements, is contained in the oxide semiconductor, defect
states are formed in the oxide semiconductor. Thus, the
concentration of silicon, carbon, or the like in the oxide
semiconductor and the concentration of silicon, carbon, or
the like in the vicinity of an interface with the oxide
semiconductor (the concentration obtained by secondary ion
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mass spectrometry (SIMS)) are each set lower than or equal
to 2x10™® atoms/cm?®, preferably lower than or equal to
2x10'7 atoms/cm?.

When the oxide semiconductor contains an alkali metal or
an alkaline earth metal, defect states are formed and carriers
are generated in some cases. Thus, a transistor using an
oxide semiconductor that contains an alkali metal or an
alkaline earth metal is likely to have normally-on charac-
teristics. Thus, the concentration of an alkali metal or an
alkaline earth metal in the oxide semiconductor, which is
obtained by SIMS, is lower than or equal to 1x10'® atoms/
cm?, preferably lower than or equal to 2x10'° atoms/cm®.

Furthermore, when the oxide semiconductor contains
nitrogen, the oxide semiconductor easily becomes n-type by
generation of electrons serving as carriers and an increase in
carrier concentration. As a result, a transistor using an oxide
semiconductor containing nitrogen as a semiconductor is
likely to have normally-on characteristics. When nitrogen is
contained in the oxide semiconductor, a trap state is some-
times formed. This might make the electrical characteristics
of the transistor unstable. Thus, the concentration of nitro-
gen in the oxide semiconductor, which is obtained by SIMS,
is set lower than 5x10*° atoms/cm>, preferably lower than or
equal to 5x10"® atoms/cm?, further preferably lower than or
equal to 1x10'® atoms/cm?, still further preferably lower
than or equal to 5x10'7 atoms/cm?.

Hydrogen contained in the oxide semiconductor reacts
with oxygen bonded to a metal atom to be water, and thus
forms an oxygen vacancy in some cases. Entry of hydrogen
into the oxygen vacancy generates an electron serving as a
carrier in some cases. Furthermore, bonding of part of
hydrogen to oxygen bonded to a metal atom causes genera-
tion of an electron serving as a carrier in some cases. Thus,
a transistor using an oxide semiconductor containing hydro-
gen is likely to have normally-on characteristics. Accord-
ingly, hydrogen in the oxide semiconductor is preferably
reduced as much as possible. Specifically, the hydrogen
concentration in the oxide semiconductor, which is obtained
by SIMS, is set lower than 1x10°° atoms/cm’, preferably
lower than 1x10'° atoms/cm?, further preferably lower than
5x10'® atoms/cm?, still further preferably lower than 1x10"®
atoms/cm”.

When an oxide semiconductor with sufficiently reduced
impurities is used for the channel formation region of the
transistor, stable electrical characteristics can be given.

Note that this embodiment can be combined with any of
the other embodiments in this specification as appropriate.

Embodiment 7

This embodiment will show examples of a semiconductor
wafer where the semiconductor device or the like described
in the above embodiment is formed and electronic compo-
nents incorporating the semiconductor device.
<Semiconductor Wafer>

First, an example of a semiconductor wafer where a
semiconductor device or the like is formed is described with
reference to FIG. 40A.

A semiconductor wafer 4800 illustrated in FIG. 40A
includes a wafer 4801 and a plurality of circuit portions 4802
provided on the top surface of the wafer 4801. A portion
without the circuit portions 4802 on the top surface of the
wafer 4801 is a spacing 4803 that is a region for dicing.

The semiconductor wafer 4800 can be fabricated by
forming the plurality of circuit portions 4802 on the surface
of the wafer 4801 by a pre-process. After that, a surface of
the wafer 4801 opposite to the surface provided with the
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plurality of circuit portions 4802 may be ground to thin the
wafer 4801. Through this step, warpage or the like of the
wafer 4801 is reduced and the size of the component can be
reduced.

A dicing step is performed as the next step. The dicing is
performed along scribe lines SCLL1 and scribe lines SCL2
(referred to as dicing lines or cutting lines in some cases)
indicated by dashed-dotted lines. Note that to perform the
dicing step easily, it is preferable that the spacing 4803 be
provided such that the plurality of scribe lines SCL1 are
parallel to each other, the plurality of scribe lines SCL2 are
parallel to each other, and the scribe lines SCL1 are per-
pendicular to the scribe lines SCL2.

With the dicing step, a chip 4800« as illustrated in FIG.
40B can be cut out from the semiconductor wafer 4800. The
chip 4800q includes a wafer 48014, the circuit portion 4802,
and a spacing 4803a. Note that it is preferable to make the
spacing 4803¢ as small as possible. In this case, the width of
the spacing 4803 between adjacent circuit portions 4802 is
substantially the same as a cutting allowance of the scribe
line SCL1 or a cutting allowance of the scribe line SCL.2.

Note that the shape of the element substrate of one
embodiment of the present invention is not limited to the
shape of the semiconductor wafer 4800 illustrated in FIG.
40A. The element substrate may be a rectangular semicon-
ductor wafer, for example. The shape of the element sub-
strate can be changed as appropriate, depending on a manu-
facturing process of an element and an apparatus for
manufacturing the element.
<Electronic Component>

FIG. 40C is a perspective view of an electronic compo-
nent 4700 and a substrate (a mounting board 4704) on which
the electronic component 4700 is mounted. The electronic
component 4700 illustrated in FIG. 40C includes the chip
4800q in a mold 4711. Note that the chip 4800¢ illustrated
in FIG. 40C may have a structure in which the circuit
portions 4802 are stacked. To illustrate the inside of the
electronic component 4700, some portions are omitted in
FIG. 40C. The electronic component 4700 includes a land
4712 outside the mold 4711. The land 4712 is electrically
connected to an electrode pad 4713, and the electrode pad
4713 is electrically connected to the chip 4800a through a
wire 4714. The electronic component 4700 is mounted on a
printed circuit board 4702, for example. A plurality of such
electronic components are combined and electrically con-
nected to each other on the printed circuit board 4702,
whereby the mounting board 4704 is completed.

FIG. 40D is a perspective view of an electronic compo-
nent 4730. The electronic component 4730 is an example of
a SiP (System in package) or an MCM (Multi Chip Module).
In the electronic component 4730, an interposer 4731 is
provided on a package substrate 4732 (a printed circuit
board), and a semiconductor device 4735 and a plurality of
semiconductor devices 4710 are provided on the interposer
4731.

The electronic component 4730 includes the semiconduc-
tor devices 4710. Examples of the semiconductor devices
4710 include the semiconductor device described in the
above embodiment and a high bandwidth memory (HBM).
An integrated circuit (a semiconductor device) such as a
CPU, a GPU, an FPGA, or a memory device can be used as
the semiconductor device 4735.

As the package substrate 4732, a ceramic substrate, a
plastic substrate, a glass epoxy substrate, or the like can be
used. As the interposer 4731, a silicon interposer, a resin
interposer, or the like can be used.
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The interposer 4731 includes a plurality of wirings and
has a function of electrically connecting a plurality of
integrated circuits with different terminal pitches. The plu-
rality of wirings are provided in a single layer or multiple
layers. Moreover, the interposer 4731 has a function of
electrically connecting an integrated circuit provided on the
interposer 4731 to an electrode provided on the package
substrate 4732. Accordingly, the interposer is referred to as
a “redistribution substrate” or an “intermediate substrate” in
some cases. A through electrode is provided in the interposer
4731 and the through electrode is used to electrically con-
nect an integrated circuit and the package substrate 4732 in
some cases. In a silicon interposer, a TSV (Through Silicon
Via) can also be used as the through electrode.

A silicon interposer is preferably used as the interposer
4731. Assilicon interposer can be manufactured at lower cost
than an integrated circuit because it is not necessary to
provide an active element. Meanwhile, since wirings of a
silicon interposer can be formed through a semiconductor
process, formation of minute wirings, which is difficult for
a resin interposer, is easy.

In order to achieve a wide memory bandwidth, many
wirings need to be connected to an HBM. Therefore, for-
mation of minute and high-density wirings is required for an
interposer on which an HBM is mounted. For this reason, a
silicon interposer is preferably used as the interposer on
which an HBM is mounted.

In a SiP, an MCM, or the like using a silicon interposer,
a decrease in reliability due to a difference in expansion
coeflicient between an integrated circuit and the interposer is
less likely to occur. Furthermore, the surface of a silicon
interposer has high planarity, so that a poor connection
between the silicon interposer and an integrated circuit
provided on the silicon interposer is less likely to occur. It
is particularly preferable to use a silicon interposer for a
2.5D package (2.5-dimensional mounting) in which a plu-
rality of integrated circuits are arranged side by side on an
interposer.

A heat sink (a radiator plate) may be provided to overlap
with the electronic component 4730. In the case of providing
a heat sink, the heights of integrated circuits provided on the
interposer 4731 are preferably equal to each other. For
example, in the electronic component 4730 described in this
embodiment, the heights of the semiconductor devices 4710
and the semiconductor device 4735 are preferably equal to
each other.

To mount the electronic component 4730 on another
substrate, an electrode 4733 may be provided on the bottom
portion of the package substrate 4732. FIG. 40D illustrates
an example in which the electrode 4733 is formed of a solder
ball. Solder balls are provided in a matrix on the bottom
portion of the package substrate 4732, whereby BGA (Ball
Grid Array) mounting can be achieved. Alternatively, the
electrode 4733 may be formed of a conductive pin. When
conductive pins are provided in a matrix on the bottom
portion of the package substrate 4732, PGA (Pin Grid Array)
mounting can be achieved.

The electronic component 4730 can be mounted on
another substrate by various mounting methods other than
BGA and PGA. For example, a mounting method such as
SPGA (Staggered Pin Grid Array), LGA (Land Grid Array),
QFP (Quad Flat Package), QFJ (Quad Flat J-leaded pack-
age), or QFN (Quad Flat Non-leaded package) can be
employed.
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Note that this embodiment can be combined with any of
the other embodiments in this specification as appropriate.

Embodiment 8

This embodiment will show examples of electronic
devices each including the semiconductor device described
in the above embodiment. FIG. 41 illustrates electronic
devices each including the electronic component 4700
including the semiconductor device.

[Mobile Phone]

An information terminal 5500 illustrated in FIG. 41 is a
mobile phone (smartphone), which is a type of information
terminal. The information terminal 5500 includes a housing
5510 and a display portion 5511, and as input interfaces, a
touch panel is provided in the display portion 5511 and a
button is provided in the housing 5510.

The information terminal 5500 can execute an application
utilizing artificial intelligence with the use of the semicon-
ductor device described in the above embodiment. Examples
of the application utilizing artificial intelligence include an
application for interpreting a conversation and displaying its
content on the display portion 5511; an application for
recognizing letters, diagrams, and the like input to the touch
panel of the display portion 5511 by a user and displaying
them on the display portion 5511; and an application for
biometric authentication using fingerprints, voice prints, or
the like.

[Wearable Terminal]

FIG. 41 illustrates a watch-type information terminal
5900 as an example of a wearable terminal. The information
terminal 5900 includes a housing 5901, a display portion
5902, an operation button 5903, an operator 5904, a band
5905, and the like.

The wearable terminal can execute an application utiliz-
ing artificial intelligence with the use of the semiconductor
device described in the above embodiment, like the infor-
mation terminal 5500. Examples of the application utilizing
artificial intelligence include an application for managing
the health condition of the user of the wearable terminal and
a navigation system that selects the optimal route and
navigates the user on the basis of the input of the destination.
[Information Terminal]

FIG. 41 illustrates a desktop information terminal 5300.
The desktop information terminal 5300 includes a main
body 5301 of the information terminal, a display 5302, and
a keyboard 5303.

The desktop information terminal 5300 can execute an
application utilizing artificial intelligence with the use of the
semiconductor device described in the above embodiment,
like the information terminal 5500. Examples of the appli-
cation utilizing artificial intelligence include design-support
software, text correction software, and software for auto-
matic menu generation. Furthermore, with the use of the
desktop information terminal 5300, novel artificial intelli-
gence can be developed.

Note that although FIG. 41 illustrates the smartphone, the
desktop information terminal, and the wearable terminal as
examples of the electronic device, one embodiment of the
present invention can also be applied to information termi-
nals other than smartphones, desktop information terminals,
and wearable terminals. Examples of information terminals
other than smartphones, desktop information terminals, and
wearable terminals include a PDA (Personal Digital Assis-
tant), a laptop information terminal, and a workstation.
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[Household Appliance]

FIG. 41 illustrates an electric refrigerator-freezer 5800 as
an example of a household appliance. The electric refrig-
erator-freezer 5800 includes a housing 5801, a refrigerator
door 5802, a freezer door 5803, and the like.

When the semiconductor device described in the above
embodiment is used for the electric refrigerator-freezer
5800, the electric refrigerator-freezer 5800 including artifi-
cial intelligence can be achieved. Utilizing the artificial
intelligence enables the electric refrigerator-freezer 5800 to
have a function of automatically making a menu based on
foods stored in the electric refrigerator-freezer 5800, expi-
ration dates of the foods, or the like, a function of automati-
cally adjusting temperature to be appropriate for the foods
stored in the electric refrigerator-freezer 5800, and the like.

Although the electric refrigerator-freezer is described as a
household appliance in this example, other examples of the
household appliance include a vacuum cleaner, a microwave
oven, an electric oven, a rice cooker, a water heater, an TH
(Induction Heating) cooker, a water server, a heating-cool-
ing combination appliance such as an air conditioner, a
washing machine, a drying machine, and an audio visual
appliance.

[Game Machine]

FIG. 41 illustrates a portable game machine 5200 as an
example of a game machine. The portable game machine
5200 includes a housing 5201, a display portion 5202, a
button 5203, and the like.

FIG. 41 illustrates a stationary game machine 7500 as
another example of a game machine. The stationary game
machine 7500 includes a main body 7520 and a controller
7522. The controller 7522 can be connected to the main
body 7520 with or without a wire. Although not illustrated
in FIG. 41, the controller 7522 can include a display portion
that displays a game image, and an input interface besides a
button, such as a touch panel, a stick, a rotating knob, and
a sliding knob, for example. The shape of the controller 7522
is not limited to that in FIG. 41, and the shape of the
controller 7522 may be changed variously in accordance
with the genres of games. For example, for a shooting game
such as an FPS (First Person Shooter) game, a gun-shaped
controller having a trigger button can be used. As another
example, for a music game or the like, a controller having a
shape of a musical instrument, audio equipment, or the like
can be used. Furthermore, the stationary game machine may
include a camera, a depth sensor, a microphone, and the like
so that the game player can play a game using a gesture
and/or a voice instead of a controller.

A video of the game machine can be output with a display
device such as a television device, a personal computer
display, a game display, or a head-mounted display.

When the semiconductor device described in the above
embodiment is used in the portable game machine 5200, the
portable game machine 5200 with low power consumption
can be achieved. Furthermore, heat generation from a circuit
can be reduced owing to low power consumption; thus, the
influence of heat generation on the circuit itself, the periph-
eral circuit, and the module can be reduced.

Furthermore, when the semiconductor device described in
the above embodiment is used for the portable game
machine 5200, the portable game machine 5200 including
artificial intelligence can be achieved.

In general, the progress of a game, the actions and words
of game characters, and expressions of a phenomenon and
the like in the game are programed in the game; however, the
use of artificial intelligence in the portable game machine
5200 enables expressions not limited by the game program.
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For example, it becomes possible to change expressions
such as questions posed by the player, the progress of the
game, time, and actions and words of game characters.

When a game requiring a plurality of players is played on
the portable game machine 5200, the artificial intelligence
can create a virtual game player; thus, the game can be
played alone with the game player created by the artificial
intelligence as an opponent.

Although FIG. 41 illustrates the portable game machine
as an example of a game machine, the electronic device of
one embodiment of the present invention is not limited
thereto. Examples of the electronic device of one embodi-
ment of the present invention include a home stationary
game machine, an arcade game machine installed in enter-
tainment facilities (e.g., a game center and an amusement
park), and a throwing machine for batting practice installed
in sports facilities.

[Moving Vehicle]

The semiconductor device described in the above embodi-
ment can be used for an automobile, which is a moving
vehicle, and around the driver’s seat in an automobile.

FIG. 41 illustrates an automobile 5700 as an example of
a moving vehicle.

An instrument panel that can display a speedometer, a
tachometer, a mileage, a fuel meter, a gearshift state, air-
conditioning setting, and the like is provided around the
driver’s seat in the automobile 5700. In addition, a display
device showing the above information may be provided
around the driver’s seat.

In particular, the display device can compensate for the
view obstructed by the pillar or the like, the blind areas for
the driver’s seat, and the like by displaying a video taken by
an imaging device (not illustrated) provided for the auto-
mobile 5700, thereby providing a high level of safety. That
is, display of an image taken by an imaging device provided
on the exterior of the automobile 5700 can compensate for
blind areas and enhance safety.

Since the semiconductor device described in the above
embodiment can be used as the components of artificial
intelligence, the semiconductor device can be used for an
automatic driving system of the automobile 5700, for
example. The semiconductor device can also be used for a
system for navigation, risk prediction, or the like. The
display device may display navigation information, risk
prediction information, or the like.

Note that although an automobile is described above as an
example of a moving vehicle, the moving vehicle is not
limited to an automobile. Examples of the moving vehicle
include a train, a monorail train, a ship, and a flying object
(a helicopter, an unmanned aircraft (a drone), an airplane,
and a rocket), and these moving vehicles can include a
system utilizing artificial intelligence when equipped with
the semiconductor device of one embodiment of the present
invention.

[Camera]

The semiconductor device described in the above embodi-
ment can be used for a camera.

FIG. 41 illustrates a digital camera 6240 as an example of
an imaging device. The digital camera 6240 includes a
housing 6241, a display portion 6242, operation buttons
6243, a shutter button 6244, and the like, and an attachable
lens 6246 is attached to the digital camera 6240. Although
the lens 6246 of the digital camera 6240 is detachable from
the housing 6241 for replacement here, the lens 6246 may be
integrated with the housing 6241. A stroboscope, a view-
finder, or the like may be additionally attached to the digital
camera 6240.
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When the semiconductor device described in the above
embodiment is used in the digital camera 6240, the digital
camera 6240 with low power consumption can be achieved.
Furthermore, heat generation from a circuit can be reduced
owing to low power consumption; thus, the influence of heat
generation on the circuit itself, the peripheral circuit, and the
module can be reduced.

Furthermore, when the semiconductor device described in
the above embodiment is used for the digital camera 6240,
the digital camera 6240 including artificial intelligence can
be achieved. Utilizing the artificial intelligence enables the
digital camera 6240 to have a function of automatically
recognizing a subject such as a face or an object, a function
of adjusting a focus on the subject, a function of automati-
cally using a flash in accordance with environments, a
function of toning a taken image, and the like.

[Video Camera]

The semiconductor device described in the above embodi-
ment can be used for a video camera.

FIG. 41 illustrates a video camera 6300 as an example of
an imaging device. The video camera 6300 includes a first
housing 6301, a second housing 6302, a display portion
6303, operation keys 6304, a lens 6305, a joint 6306, and the
like. The operation keys 6304 and the lens 6305 are provided
in the first housing 6301, and the display portion 6303 is
provided in the second housing 6302. The first housing 6301
and the second housing 6302 are connected to each other
with the joint 6306, and the angle between the first housing
6301 and the second housing 6302 can be changed with the
joint 6306. Videos displayed on the display portion 6303
may be switched in accordance with the angle at the joint
6306 between the first housing 6301 and the second housing
6302.

When videos taken by the video camera 6300 are
recorded, the videos need to be encoded in accordance with
a data recording format. With the use of artificial intelli-
gence, the video camera 6300 can perform the pattern
recognition by artificial intelligence in encoding of the
videos. The pattern recognition is used to calculate a differ-
ence in the human, the animal, the object, and the like
between continuously taken image data, so that the data can
be compressed.

[Expansion Device for PC]

The semiconductor device described in the above embodi-
ment can be used in a calculator such as a PC (Personal
Computer) and an expansion device for an information
terminal.

FIG. 42A illustrates, as an example of the expansion
device, a portable expansion device 6100 that includes a
chip capable of arithmetic processing and is externally
attached to a PC. The expansion device 6100 can perform
arithmetic processing using the chip when connected to a PC
with a USB (Universal Serial Bus), for example. FIG. 42A
illustrates the portable expansion device 6100; however, the
expansion device of one embodiment of the present inven-
tion is not limited thereto and may be a comparatively large
expansion device including a cooling fan or the like, for
example.

The expansion device 6100 includes a housing 6101, a
cap 6102, a USB connector 6103, and a substrate 6104. The
substrate 6104 is held in the housing 6101. The substrate
6104 is provided with a circuit for driving the semiconductor
device or the like described in the above embodiment. For
example, a chip 6105 (e.g., the semiconductor device
described in the above embodiment, the electronic compo-
nent 4700, or a memory chip) and a controller chip 6106 are
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attached to the substrate 6104. The USB connector 6103
functions as an interface for connection to an external
device.

The use of the expansion device 6100 for the PC and the
like can increase the arithmetic processing performance of
the PC. Thus, a PC with insufficient processing performance
can perform an arithmetic operation of artificial intelligence,
moving image processing, and the like.

[Broadcasting System]

The semiconductor device described in the above embodi-
ment can be used for a broadcasting system.

FIG. 42B schematically illustrates data transmission in a
broadcasting system. Specifically, FIG. 42B illustrates a
path in which a radio wave (a broadcasting signal) trans-
mitted from a broadcast station 5680 reaches a television
receiver (TV) 5600 of each household. The TV 5600
includes a receiving device (not illustrated), and the broad-
casting signal received by an antenna 5650 is transmitted to
the TV 5600 through the receiving device.

Although a UHF (Ultra High Frequency) antenna is
illustrated as the antenna 5650 in FIG. 42B, a BS/110° CS
antenna, a CS antenna, or the like can also be used as the
antenna 5650.

A radio wave 5675A and a radio wave 5675B are broad-
casting signals for terrestrial broadcasting; a radio wave
tower 5670 amplifies the received radio wave 5675A and
transmits the radio wave 5675B. Each household can view
terrestrial TV broadcasting on the TV 5600 by receiving the
radio wave 5675B with the antenna 5650. Note that the
broadcasting system is not limited to the terrestrial broad-
casting illustrated in FIG. 42B and may be satellite broad-
casting using an artificial satellite, data broadcasting using
an optical line, or the like.

The above-described broadcasting system may be a
broadcasting system that utilizes artificial intelligence by
including the semiconductor device described in the above
embodiment. When the broadcast data is transmitted from
the broadcast station 5680 to the TV 5600 of each house-
hold, the broadcast data is compressed with an encoder.
When the antenna 5650 receives the compressed broadcast
data, the compressed broadcast data is decompressed with a
decoder of the receiving device in the TV 5600. Utilizing the
artificial intelligence enables, for example, recognition of a
display pattern included in a displayed image in motion
compensation prediction, which is one of the compressing
methods for the encoder. In-frame prediction utilizing arti-
ficial intelligence, for example, can also be performed. As
another example, when the broadcast data with low resolu-
tion is received and the broadcast data is displayed on the TV
5600 with high resolution, image interpolation such as
upconversion can be performed in the broadcast data decom-
pression by the decoder.

The above-described broadcasting system utilizing artifi-
cial intelligence is suitable for ultra-high definition televi-
sion (UHDTV: 4K and 8K) broadcasting, which needs a
large amount of broadcast data.

As the application of artificial intelligence in the TV 5600,
a recording device with artificial intelligence may be pro-
vided in the TV 5600, for example. With such a structure, the
artificial intelligence can learn the user’s preference, so that
TV programs that suit the user’s preference can be recorded
automatically in the recording device.

[Authentication System]

The semiconductor device described in the above embodi-

ment can be used for an authentication system.
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FIG. 42C illustrates a palm print authentication device
including a housing 6431, a display portion 6432, a palm
print reading portion 6433, and a wiring 6434.

In FIG. 42C, a palm print of a hand 6435 is obtained using
the palm print authentication device. The obtained palm
print is subjected to the pattern recognition utilizing artificial
intelligence, so that personal authentication of the palm print
can be performed. Thus, a system that performs highly
secure authentication can be constructed. Without limitation
to the palm print authentication device, the authentication
system of one embodiment of the present invention may be
a device that performs biometric authentication by obtaining
biological information of fingerprints, veins, faces, iris,
voice prints, genes, physiques, or the like.

Note that this embodiment can be combined with any of
the other embodiments in this specification as appropriate.

REFERENCE NUMERALS

MACI: arithmetic circuit, MACIA: arithmetic circuit,
MAC2: arithmetic circuit, MAC3: arithmetic circuit,
MAC4: arithmetic circuit, MAC4-1: arithmetic circuit,
MAC4-2: arithmetic circuit, MACS5: arithmetic circuit,
MACS5A: arithmetic circuit, MAC6: arithmetic circuit,
MACT7: arithmetic circuit, MACS: arithmetic circuit,
MAC9: arithmetic circuit, MAC9-1: arithmetic circuit,
MAC9-2: arithmetic circuit, MAC10: arithmetic cir-
cuit, MACI11: arithmetic circuit, MAC12: arithmetic
circuit, CA: memory cell array, CA[1]: memory cell
array, CA[n]: memory cell array, CA[1]: memory cell
array, CAS: memory cell array, WDD: circuit, WDa:
circuit, WDb: circuit, CMS: circuit, XLD: circuit,
WLD: circuit, INT: circuit, ACTV: circuit, CSX: cir-
cuit, CSU: circuit, CSW: circuit, CSR: circuit, AMx[1]:
memory cell, AMx[m]: memory cell, AMu[1]: memory
cell, AMu[m]: memory cell, AMw[1]: memory cell,
AMw[m]: memory cell, AMr[1]: memory cell, AMr
[m]: memory cell, AMxb: memory cell, AMub:
memory cell, AMwb: memory cell, AMrb: memory
cell, CS[1]: circuit, CS[m]: circuit, CSb: circuit, CUW
[1,1]: circuit, CUW[1,n]: circuit, CUW][2,1]: circuit,
CUW]|2,n]: circuit, CUW([i,1]: circuit, CUW][in]: cir-
cuit, CUW[m-1,1]: circuit, CUW[m-1,n]: circuit,
CUW|[m, 1]: circuit, CUW[m,n]: circuit, CXR][1]: cir-
cuit, CXR|[2]: circuit, CXR[i]: circuit, CXR[m-1]: cir-
cuit, CXR[m]: circuit, CM: circuit, CMJ[1]: circuit,
CM|n]: circuit, CMS1: circuit, CMS2: circuit, CMA
[1]: circuit, CMA[n]: circuit, CMB: circuit, CMC:
circuit, SCI: circuit, SCI[1]: circuit, SCI[n]: circuit,
SCIA[1]: circuit, SCIA[n]: circuit, SCIB: circuit, ACP:
circuit, ACP[1]: circuit, ACP[n]: circuit, IVC: circuit,
ACEF: circuit, XAL[1]: wiring, XAL[m]: wiring, XAL
[n]: wiring, XBL[1]: wiring, XBL[m]: wiring, XBL[n]:
wiring, XALb: wiring, XBLb: wiring, WAL[1]: wiring,
WAL[m]: wiring, WAL[n]: wiring, WBL[1]: wiring,
WBL[m]: wiring, WBL[n]: wiring, WL[1]: wiring,
WL[m]: wiring, WL[n]: wiring, WAD: wiring, WAD
[1]: wiring, WADIn]: wiring, WAD[1]: wiring, WBD:
wiring, WBDJ[1]: wiring, WBDI[n]: wiring, WBDIi]:
wiring, BAL: wiring, BAL[1]: wiring, BAL[n]: wiring,
BBL: wiring, BBL[1]: wiring, BBL[n]: wiring, BAP
[1]: wiring, BAP[n]: wiring, BAN[1]: wiring, BAN[n]:
wiring, BBN: wiring, BBP: wiring, BBP1: wiring,
BBP2: wiring, NIL: wiring, NIL[1]: wiring, NIL[n]:
wiring, NIL[t]: wiring, SL.4: wiring, SL5: wiring, SL.7:
wiring, SL8: wiring, VDL: wiring, VHE: wiring, VSL:
wiring, VSSL: wiring, VLL: wiring, VR: wiring,
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VRPL: wiring, VBA: wiring, CCS: current source,
CSA: current source, CSB: current source, M1: tran-
sistor, M2: transistor, M3A: transistor, M3B: transistor,
MAd4A: transistor, M4B: transistor, M5: transistor, M6A
[1]: transistor, M6A[n]: transistor, M6B: transistor,
M7A[1]: transistor, M7A[n]: transistor, M7B: transis-
tor, C1: capacitor, FC: capacitor, LEA: load, LEB: load,
SW4A: switch, SW4B: switch, SW4F: switch, SW5A:
switch, SW5B: switch, SW7A: switch, SW7B: switch,
SW7C: switch, SW7D: switch, SW8A[1]: switch,
SW8A[n]: switch, SW8B: switch, OP: operational
amplifier, CMP: comparator, ADC: analog-to-digital
converter circuit, Nx[1]: node, Nx[m]: node, Nu[1]:
node, Nu[m]: node, Nw[1]: node, Nw[m]: node, Nr[1]:
node, Nr[m]: node, 300: transistor, 310: substrate,
310A: substrate, 312: element isolation layer, 313:
semiconductor region, 314a: low-resistance region,
3145: low-resistance region, 315: insulator, 316: con-
ductor, 320: insulator, 322: insulator, 324: insulator,
326: insulator, 328: conductor, 330: conductor, 350:
insulator, 352: insulator, 354: insulator, 356: conductor,
360: insulator, 362: insulator, 364: insulator, 366: con-
ductor, 411: insulator, 412: insulator, 413: insulator,
414: insulator, 416: conductor, 500: transistor, 503:
conductor, 503a: conductor, 5035: conductor, 510:
insulator, 512: insulator, 514: insulator, 516: insulator,
518: conductor, 522: insulator, 524: insulator, 530:
oxide, 530a: oxide, 5305: oxide, 530ba: region, 530565:
region, 530b¢: region, 540a: conductor, 5405: conduc-
tor, 541a: insulator, 5415: insulator, 542a: conductor,
542b: conductor, 543a: oxide, 5435: oxide, 544: insu-
lator, 546: conductor, 550: insulator, 550a: insulator,
5505: insulator, 552: insulator, 554: insulator, 560:
conductor, 560a: conductor, 5605: conductor, 571a:
insulator, 5715: insulator, 574: insulator, 576: insulator,
580: insulator, 581: insulator, 582: insulator, 586: insu-
lator, 600: capacitor, 610: conductor, 612: conductor,
620: conductor, 630: insulator, 640: insulator, 650:
insulator, 660: conductor, 4700: electronic component,
4702: printed circuit board, 4704: mounting board,
4710: semiconductor device, 4711: mold, 4712: land,
4713: electrode pad, 4714: wire, 4730: electronic com-
ponent, 4731: interposer, 4732: package substrate,
4733: electrode, 4735: semiconductor device, 4800:
semiconductor wafer, 4800a: chip, 4801: wafer, 4801a:
wafer, 4802: circuit portion, 4803: spacing, 4803a:
spacing, 5200: portable game machine, 5201: housing,
5202: display portion, 5203: button, 5300: desktop
information terminal, 5301: main body, 5302: display,
5303: keyboard, 5500: information terminal, 5510:
housing, 5511: display portion, 5600: TV, 5650:
antenna, 5670: radio wave tower, 5675A: radio wave,
5675B: radio wave, 5680: broadcast station, 5700:
automobile, 5800: electric refrigerator-freezer, 5801:
housing, 5802: refrigerator door, 5803: freezer door,
5900: information terminal, 5901: housing, 5902: dis-
play portion, 5903: operation button, 5904: operator,
5905: band, 6100: expansion device, 6101: housing,
6102: cap, 6103: USB connector, 6104: substrate,
6105: chip, 6106: controller chip, 6240: digital camera,
6241: housing, 6242: display portion, 6243: operation
button, 6244: shutter button, 6246: lens, 6300: video
camera, 6301: first housing, 6302: second housing,
6303: display portion, 6304: operation key, 6305: lens,
6306: joint, 6431: housing, 6432: display portion,
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6433: palm print reading portion, 6434: wiring, 6435:
hand, 7500: stationary game machine, 7520: main
body, 7522: controller

The invention claimed is:

1. A semiconductor device comprising:

a first cell, a second cell, a third cell, a fourth cell, a
current mirror circuit, a first wiring, a second wiring, a
third wiring, and a fourth wiring,

wherein the first cell, the second cell, the third cell, and
the fourth cell each comprise a first transistor, a second
transistor, and a capacitor,

wherein a first terminal of the first transistor is electrically
connected to a first terminal of the capacitor and a gate
of the second transistor in each of the first cell, the
second cell, the third cell, and the fourth cell,

wherein a first terminal of the second transistor in the first
cell is electrically connected to the first wiring,

wherein a second terminal of the capacitor in the first cell
is electrically connected to the third wiring,

wherein a first terminal of the second transistor in the
second cell is electrically connected to the first wiring,

wherein a second terminal of the capacitor in the second
cell is electrically connected to the fourth wiring,

wherein a first terminal of the second transistor in the third
cell is electrically connected to the second wiring,

wherein a second terminal of the capacitor in the third cell
is electrically connected to the third wiring,

wherein a first terminal of the second transistor in the
fourth cell is electrically connected to the second
wiring,

wherein a second terminal of the capacitor in the fourth
cell is electrically connected to the fourth wiring,

wherein the current mirror circuit is electrically connected
to the first wiring and the second wiring,

wherein the current mirror circuit is configured to supply
current corresponding to a potential of the first wiring
to the second wiring,

wherein a first data is determined depending on a differ-
ence between a first potential and a second potential,

wherein the first cell is configured to retain the first
potential in the first terminal of the capacitor in the first
cell,

wherein the second cell is configured to retain the second
potential in the first terminal of the capacitor in the
second cell,

wherein the third cell is configured to retain the second
potential in the first terminal of the capacitor in the third
cell,

wherein the fourth cell is configured to retain the first
potential in the first terminal of the capacitor in the
fourth cell,

wherein a second data is determined depending on a
difference between a third potential and a fourth poten-
tial, and

wherein, when the third potential is input to the third
wiring and the fourth potential is input to the fourth
wiring, a current amount obtained by subtracting an
amount of current flowing from the second wiring to
the first terminal of the second transistor in the third cell
and an amount of current flowing from the second
wiring to the first terminal of the second transistor in
the fourth cell from an amount of current flowing from
the current mirror circuit to the second wiring is an
amount corresponding to a product of the first data and
the second data.
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2. A semiconductor device comprising:

m (m is an integer greater than or equal to 1) first cells,
m second cells, m third cells, m fourth cells, a current
mirror circuit, a first wiring, a second wiring, m third
wirings, and m fourth wirings,

wherein the m first cells, the m second cells, the m third
cells, and the m fourth cells each comprise a first
transistor, a second transistor, and a capacitor,

wherein a first terminal of the first transistor is electrically
connected to a first terminal of the capacitor and a gate
of the second transistor in each of the m first cells, the
m second cells, the m third cells, and the m fourth cells,

wherein a first terminal of the second transistor in each of
the m first cells is electrically connected to the first
wiring,

wherein a second terminal of the capacitor in the i-th (i is
an integer greater than or equal to 1 and less than or
equal to m) first cell is electrically connected to the i-th
third wiring,

wherein a first terminal of the second transistor in each of
the m second cells is electrically connected to the first
wiring,

wherein a second terminal of the capacitor in the i-th
second cell is electrically connected to the i-th fourth
wiring,

wherein a first terminal of the second transistor in each of
the m third cells is electrically connected to the second
wiring,

wherein a second terminal of the capacitor in the i-th third
cell is electrically connected to the i-th third wiring,

wherein a first terminal of the second transistor in each of
the m fourth cells is electrically connected to the
second wiring,

wherein a second terminal of the capacitor in the i-th
fourth cell is electrically connected to the i-th fourth
wiring,

wherein the current mirror circuit is electrically connected
to the first wiring and the second wiring,

wherein the current mirror circuit is configured to supply
current corresponding to a potential of the first wiring
to the second wiring,

wherein the first cell electrically connected to the i-th
third wiring is configured to retain a potential V. [d]
in the first terminal of the capacitor in the first cell, and
the third cell electrically connected to the i-th third
wiring is configured to retain a potential V;[i] in the
first terminal of the capacitor in the third cell,

wherein the second cell electrically connected to the i-th
fourth wiring is configured to retain the potential V
[i] in the first terminal of the capacitor in the second
cell, and the fourth cell electrically connected to the i-th
fourth wiring is configured to retain the potential V
[1] in the first terminal of the capacitor in the fourth cell,
and

wherein, when a potential V,[i] is input to the i-th third
wiring and a potential V,[i] is input to the i-th fourth
wiring, a current amount obtained by subtracting a total
amount of current flowing from the second wiring to
the first terminals of the second transistors in the m
third cells and a total amount of current flowing from
the second wiring to the first terminals of the second
transistors in the m fourth cells from an amount of
current flowing from the current mirror circuit to the
second wiring is an amount corresponding to a value of
Formula (A1):
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n An
> Fwalil = VirgliD(Fxalil = Vplil)
=1

3. A semiconductor device comprising:

a first cell, a second cell, a third cell, a fourth cell, a first
wiring, a second wiring, a third wiring, a fourth wiring,
a fifth wiring, a sixth wiring, and a seventh wiring,

wherein the first cell, the second cell, the third cell, and
the fourth cell each comprise a first transistor, a second
transistor, and a capacitor,

wherein a first terminal of the first transistor is electrically
connected to a first terminal of the capacitor and a gate
of the second transistor in each of the first cell, the
second cell, the third cell, and the fourth cell,

wherein a first terminal of the second transistor in the first
cell is electrically connected to the fourth wiring,

wherein a second terminal of the capacitor in the first cell
is electrically connected to the sixth wiring,

wherein a second terminal of the first transistor in the first
cell is electrically connected to the second wiring,

wherein a gate of the first transistor in the first cell is
electrically connected to the first wiring,

wherein a first terminal of the second transistor in the
second cell is electrically connected to the fourth
wiring,

wherein a second terminal of the capacitor in the second
cell is electrically connected to the seventh wiring,

wherein a second terminal of the first transistor in the
second cell is electrically connected to the third wiring,

wherein a gate of the first transistor in the second cell is
electrically connected to the first wiring,

wherein a first terminal of the second transistor in the third
cell is electrically connected to the fifth wiring,

wherein a second terminal of the capacitor in the third cell
is electrically connected to the sixth wiring,

wherein a second terminal of the first transistor in the third
cell is electrically connected to the third wiring,

wherein a gate of the first transistor in the third cell is
electrically connected to the first wiring,

wherein a first terminal of the second transistor in the
fourth cell is electrically connected to the fifth wiring,

wherein a second terminal of the capacitor in the fourth
cell is electrically connected to the seventh wiring,

wherein a second terminal of the first transistor in the
fourth cell is electrically connected to the second
wiring, and

wherein a gate of the first transistor in the fourth cell is
electrically connected to the first wiring.

4. The semiconductor device according to claim 3, further

comprising a current mirror circuit,

wherein the current mirror circuit is electrically connected
to the fourth wiring and the fifth wiring, and

wherein the current mirror circuit is configured to supply
current corresponding to a potential of the fourth wiring
to the fifth wiring.

5. The semiconductor device according to claim 4,

wherein a first data is determined depending on a differ-
ence between a first potential and a second potential,

wherein the first cell is configured to retain the first
potential in the first terminal of the capacitor in the first
cell,

wherein the second cell is configured to retain the second
potential in the first terminal of the capacitor in the
second cell,
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wherein the third cell is configured to retain the second
potential in the first terminal of the capacitor in the third
cell,

wherein the fourth cell is configured to retain the first

potential in the first terminal of the capacitor in the
fourth cell,

wherein a second data is determined depending on a

difference between a third potential and a fourth poten-
tial, and

wherein, when the third potential is input to the sixth

wiring and the fourth potential is input to the seventh
wiring, a current amount obtained by subtracting an
amount of current flowing from the fifth wiring to the
first terminal of the second transistor in the third cell
and an amount of current flowing from the fifth wiring
to the first terminal of the second transistor in the fourth
cell from an amount of current flowing from the current
mirror circuit to the fifth wiring is an amount corre-
sponding to a product of the first data and the second
data.

6. The semiconductor device according to claim 3, further
comprising a first current source, a second current source,
and a subtraction circuit,

wherein the first current source is electrically connected to

the fourth wiring,

wherein the second current source is electrically con-

nected to the fifth wiring,

wherein an amount of current flowing from the first

current source to the fourth wiring is greater than or
equal to 0.9 times and less than or equal to 1.1 times an
amount of current flowing from the second current
source to the fifth wiring,

wherein a first input terminal of the subtraction circuit is

electrically connected to the fourth wiring, and
wherein a second input terminal of the subtraction circuit
is electrically connected to the fifth wiring.
7. The semiconductor device according to claim 6,
wherein a first data is determined depending on a differ-
ence between a first potential and a second potential,

wherein the first cell is configured to retain the first
potential in the first terminal of the capacitor in the first
cell,

wherein the second cell is configured to retain the second

potential in the first terminal of the capacitor in the
second cell,

wherein the third cell is configured to retain the second

potential in the first terminal of the capacitor in the third
cell,

wherein the fourth cell is configured to retain the first

potential in the first terminal of the capacitor in the
fourth cell,

wherein a second data is determined depending on a

difference between a third potential and a fourth poten-
tial, and

wherein, when the third potential is input to the sixth

wiring and the fourth potential is input to the seventh

wiring:

current with an amount obtained by subtracting a total
amount of current flowing from the fourth wiring to
the first terminals of the second transistors in the first
cell and the second cell from an amount of current
flowing from the first current source to the fourth
wiring is input to the first input terminal of the
subtraction circuit;

current with an amount obtained by subtracting a total
amount of current flowing from the fifth wiring to the
first terminals of the second transistors in the third
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cell and the fourth cell from an amount of current
flowing from the second current source to the fifth
wiring is input to the second input terminal of the
subtraction circuit; and

the subtraction circuit is configured to output voltage
corresponding to a product of the first data and the
second data from an output terminal.

8. A semiconductor device comprising:

m (m is an integer greater than or equal to 1) first cells,
m second cells, m third cells, m fourth cells, a current
mirror circuit, m first wirings, a second wiring, a third
wiring, a fourth wiring, a fifth wiring, m sixth wirings,
and m seventh wirings,

wherein the m first cells, the m second cells, the m third
cells, and the m fourth cells each comprise a first
transistor, a second transistor, and a capacitor,

wherein a first terminal of the first transistor is electrically
connected to a first terminal of the capacitor and a gate
of the second transistor in each of the m first cells, the
m second cells, the m third cells, and the m fourth cells,

wherein a first terminal of the second transistor in each of
the m first cells is electrically connected to the fourth
wiring,

wherein a second terminal of the capacitor in the i-th (i is
an integer greater than or equal to 1 and less than or
equal to m) first cell is electrically connected to the i-th
sixth wiring,

wherein a second terminal of the first transistor in each of
the m first cells is electrically connected to the second
wiring,

wherein a gate of the first transistor in the i-th first cell is
electrically connected to the i-th first wiring,

wherein a first terminal of the second transistor in each of
the m second cells is electrically connected to the
fourth wiring,

wherein a second terminal of the capacitor in the i-th
second cell is electrically connected to the i-th seventh
wiring,

wherein a second terminal of the first transistor in each of
the m second cells is electrically connected to the third
wiring,

wherein a gate of the first transistor in the i-th second cell
is electrically connected to the i-th first wiring,

wherein a first terminal of the second transistor in each of
the m third cells is electrically connected to the fifth
wiring,

wherein a second terminal of the capacitor in the i-th third
cell is electrically connected to the i-th sixth wiring,

wherein a second terminal of the first transistor in each of
the m third cells is electrically connected to the third
wiring,

wherein a gate of the first transistor in the i-th third cell
is electrically connected to the i-th first wiring,

wherein a first terminal of the second transistor in each of
the m fourth cells is electrically connected to the fifth
wiring,

wherein a second terminal of the capacitor in the i-th
fourth cell is electrically connected to the i-th seventh
wiring,

wherein a second terminal of the first transistor in each of
the m fourth cells is electrically connected to the
second wiring,

wherein a gate of the first transistor in the i-th fourth cell
is electrically connected to the i-th first wiring,

wherein the current mirror circuit is electrically connected
to the fourth wiring and the fifth wiring,
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wherein the current mirror circuit is configured to supply
current corresponding to a potential of the fourth wiring
to the fifth wiring,

wherein the first cell electrically connected to the i-th
sixth wiring is configured to retain a potential V,,,[i] in
the first terminal of the capacitor in the first cell, and the
third cell electrically connected to the i-th sixth wiring
is configured to retain a potential Vyg[i] in the first
terminal of the capacitor in the third cell,

wherein the second cell electrically connected to the i-th
seventh wiring is configured to retain the potential
Vyplil in the first terminal of the capacitor in the
second cell, and the fourth cell electrically connected to
the i-th seventh wiring is configured to retain the
potential V,, [i] in the first terminal of the capacitor in
the fourth cell, and

wherein, when a potential V[i] is input to the i-th sixth
wiring and a potential V(1] is input to the i-th seventh
wiring, a current amount obtained by subtracting a total
amount of current flowing from the fifth wiring to the
first terminals of the second transistors in the m third
cells and a total amount of current flowing from the
fifth wiring to the first terminals of the second transis-
tors in the m fourth cells from an amount of current
flowing from the current mirror circuit to the fifth
wiring is an amount corresponding to a value of For-
mula (A3):

n (A3)
> Fwali) = VirgliD Vo 1] = Vglil)

=1

9. A semiconductor device comprising:

a first cell, a second cell, a third cell, a fourth cell, a first
current mirror circuit, a second current mirror circuit, a
third current mirror circuit, and a fourth current mirror
circuit,

wherein the first cell, the second cell, the third cell, and
the fourth cell each comprise a first transistor, a second
transistor, and a capacitor,

wherein a first terminal of the first transistor is electrically
connected to a first terminal of the capacitor and a gate
of the second transistor in each of the first cell, the
second cell, the third cell, and the fourth cell,

wherein a gate of the first transistor in the first cell is
electrically connected to a gate of the first transistor in
the second cell, a gate of the first transistor in the third
cell, and a gate of the first transistor in the fourth cell,

wherein a first terminal of the first current mirror circuit
is electrically connected to a first terminal of the second
transistor in the first cell,

wherein a second terminal of the first current mirror
circuit is electrically connected to a first terminal of the
second transistor in the fourth cell,

wherein a first terminal of the second current mirror
circuit is electrically connected to a first terminal of the
second transistor in the third cell,

wherein a second terminal of the second current mirror
circuit is electrically connected to a first terminal of the
third current mirror circuit,

wherein a second terminal of the third current mirror
circuit is electrically connected to the first terminal of
the second transistor in the fourth cell,

wherein a first terminal of the fourth current mirror circuit
is electrically connected to a first terminal of the second
transistor in the second cell,
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wherein a second terminal of the fourth current mirror
circuit is electrically connected to the first terminal of
the second transistor in the fourth cell,

wherein the first current mirror circuit is configured to
supply current corresponding to a potential of the first
terminal of the first current mirror circuit to an outside
from the first terminal and the second terminal of the
first current mirror circuit,

wherein the second current mirror circuit is configured to
supply current corresponding to a potential of the first
terminal of the second current mirror circuit to an
outside from the first terminal and the second terminal
of the second current mirror circuit,

wherein the third current mirror circuit is configured to
supply current corresponding to a potential of the first
terminal of the third current mirror circuit to an inside
from the first terminal and the second terminal of the
third current mirror circuit, and

wherein the fourth current mirror circuit is configured to
supply current corresponding to a potential of the first
terminal of the fourth current mirror circuit to an
outside from the first terminal and the second terminal
of the fourth current mirror circuit.

10. The semiconductor device according to claim 9,

wherein a second terminal of the capacitor in the first cell
is electrically connected to a second terminal of the
capacitor in the third cell,

wherein a second terminal of the first transistor in the first
cell is electrically connected to a second terminal of the
first transistor in the fourth cell,

wherein a second terminal of the capacitor in the second
cell is electrically connected to a second terminal of the
capacitor in the fourth cell, and

wherein a second terminal of the first transistor in the
second cell is electrically connected to a second termi-
nal of the first transistor in the third cell.

11. The semiconductor device according to claim 10,

wherein a first data is determined depending on a differ-
ence between a first potential and a second potential,

wherein the first cell is configured to retain the first
potential in the first terminal of the capacitor in the first
cell,

wherein the second cell is configured to retain the second
potential in the first terminal of the capacitor in the
second cell,

wherein the third cell is configured to retain the second
potential in the first terminal of the capacitor in the third
cell,

wherein the fourth cell is configured to retain the first
potential in the first terminal of the capacitor in the
fourth cell,

wherein a second data is determined depending on a
difference between a third potential and a fourth poten-
tial, and

wherein, when the third potential is input to each of the
second terminal of the capacitor in the first cell and the
second terminal of the capacitor in the third cell and the
fourth potential is input to each of the second terminal
of the capacitor in the second cell and the second
terminal of the capacitor in the fourth cell, a current
amount obtained by subtracting an amount of current
flowing through the first terminal of the second tran-
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sistor in the fourth cell and an amount of current
flowing through the third terminal of the third current
mirror circuit from a total amount of current flowing
from the second terminal of the first current mirror
circuit and current flowing from the second terminal of
the fourth current mirror circuit is an amount corre-
sponding to a product of the first data and the second
data.

12. The semiconductor device according to claim 1,

wherein the capacitor in each of the second cell and the
third cell comprises a material having ferroelectricity
between the first terminal and the second terminal.

13. The semiconductor device according to claim 12,

wherein the material comprises one or more materials
selected from hafhium oxide, zirconium oxide, H{ZrO,
(X is a real number greater than 0), yttria-stabilized
zirconia, barium titanate, PbTiO,, lead zirconate titan-
ate, barium strontium titanate, strontium titanate, stron-
tium bismuth tantalate, and bismuth ferrite.

14. The semiconductor device according to claim 3,

wherein the capacitor in each of the second cell and the
third cell comprises a material having ferroelectricity
between the first terminal and the second terminal.

15. The semiconductor device according to claim 14,

wherein the material comprises one or more materials
selected from hafhium oxide, zirconium oxide, H{ZrO,
(X is a real number greater than 0), yttria-stabilized
zirconia, barium titanate, PbTiOy, lead zirconate titan-
ate, barium strontium titanate, strontium titanate, stron-
tium bismuth tantalate, and bismuth ferrite.

16. The semiconductor device according to claim 1,

wherein the first transistor and the second transistor each
comprise a metal oxide in a channel formation region.

17. An electronic device comprising:

the semiconductor device according to claim 1; and

a housing.

18. The semiconductor device according to claim 2,

wherein the first transistor and the second transistor each
comprise a metal oxide in a channel formation region.

19. An electronic device comprising:

the semiconductor device according to claim 2; and

a housing.

20. The semiconductor device according to claim 3,

wherein the first transistor and the second transistor each
comprise a metal oxide in a channel formation region.

21. An electronic device comprising:

the semiconductor device according to claim 3; and

a housing.

22. The semiconductor device according to claim 8,

wherein the first transistor and the second transistor each
comprise a metal oxide in a channel formation region.

23. An electronic device comprising:

the semiconductor device according to claim 8; and

a housing.

24. The semiconductor device according to claim 9,

wherein the first transistor and the second transistor each
comprise a metal oxide in a channel formation region.

25. An electronic device comprising:

the semiconductor device according to claim 9; and

a housing.



